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ABO3 perovskite oxide thin films have attracted broad attention from the 
aspect of scientific fundamentals as well as the technological applications. The 
wonderful diversity in functionalities observed in this versatile material class 
originates, in part, from the ability to control the octahedral rotations. However, 
the coupling between the physical properties and the octahedral rotations has 
rarely been investigated. The aim of this research was to control the octahedral 
rotations and study how the rotations are coupled to the physical properties in 
perovskite films. SrRuO3, a typical perovskite oxide whose octahedra rotate 
differently about each principle axis was chosen as a model material for this 
study. 
All the SrRuO3 films were fabricated by pulsed laser deposition. The crystal 
structure and the octahedral rotations were examined by high-resolution x-ray 
diffractions using synchrotron x-rays. The magnetic properties were measured 
by superconducting quantum interference device and the electrical transport 
properties were investigated by physical property measurement system. 
Firstly, the influence of oxygen stoichiometry on the octahedral rotations has 
been explored. The oxygen content was controlled by the oxygen partial 
pressures during film growth. It was shown that the films deposited under P(O2) 





magnetic anisotropy while those grown under P(O2) ≤ 45 mTorr had a 






 and perpendicular uniaxial magnetic 
anisotropy. First-principles calculations suggest that such a phase transition 
from monoclinic to tetragonal structure originates from the oxygen vacancies at 
the upper or lower corner of the RuO6 octahedra, by abruptly suppressing the 
octahedral tilts around the two orthogonal in-plane axes. Secondly, the 
combined effects of oxygen vacancies and interfacial coupling (which is 
dependent on the film thickness) on the octahedral tilting have been studied 
systematically. It was found that with the introduction of oxygen vacancies or 
decreasing the thickness, the octahedral rotations around the in-plane axes 
were suppressed while sustained about the film normal direction, together with 
the magnetic easy axis pointing towards the out-of-plane direction. It is likely 
that the absence of octahedral rotations in the SrTiO3 substrate causes the 
octahedra in the subsequently grown layers of SrRuO3 film to mimic the exact 
same rotations, leading to the suppression of the in-plane octahedral rotations 
in ultrathin films. Thirdly, the effect of biaxial strain on the octahedral tilt of 
oxygen octahedra has been investigated. The different levels of strain were 
introduced by using different single crystal substrates. It was found that biaxial 
compressive strain favored octahedral rotations about the out-of-plane direction 
and out-of-plane magnetic easy axis while under tensile strain the tilting about 





Overall, this systematic study of octahedral rotation patterns in SrRuO3 films 
provides a comprehensive understanding of how the physical properties in 
SrRuO3 films are coupled to the octahedral rotations. This coupling is 
promising for discovering and designing multifunctional phases in perovskite 
oxides. The successful manipulation of octahedral rotations in SrRuO3 films 
offers exciting opportunities to achieve desired properties and to generate new 
ground states in other perovskite films through adjusting the octahedral 
rotations. Another contribution is the utilization of the half-integer reflections 
by synchrotron diffraction to gain insight into the octahedral rotation pattern in 
SrRuO3 films for the first time. This direct way allows deep understanding into 
perovskite films, and helps elucidate the mechanisms of novel physical 
properties from the atomic level in perovskite films.  
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CHAPTER 1 Introduction 
Transition metal oxides of the ABO3 perovskite class have attracted broad 
interests due to their intriguing physical properties such as colossal 
magnetoresistance, superconductivity, charge ordering as well as their potential 
applications in low-power electronics, energy storage and conversion.
1-4
 The 
strong electron-lattice correlations present in the perovskite-type materials lead 
to an even broader range of functionalities realized by lattice distortions.
5-13
 
Particularly, the ubiquitous rotation of corner-sharing BO6 octahedra in 




 However, rational control over octahedral rotations and physical properties 
experimentally has been rarely reported in spite of the recognized importance 
of octahedral rotations to properties partly due to the difficulties in carrying 
out a precise determination of octahedral rotations. In addition, how the 
octahedral rotations are coupled to the physical properties of perovskite oxide 
thin films is still unknown. In this study, three effective pathways have been 
developed to control the octahedral rotations in SrRuO3 (SRO) films. The 
relationship between the octahedral rotations and the physical properties has 
also been investigated systematically. This chapter will present a brief 
introduction about the perovskite materials, octahedral rotation and its 





and physical properties of the SRO material investigated will also be briefly 
reviewed. 
1.1 Perovskite Materials 
Perovskite oxide materials are materials with the same type of crystal 
structure as calcium titanium oxide (CaTiO3). The interest into this class of 
compounds arises from the large and ever surprising variety of functional 
properties and the ability to tune the functionality by structural modifications. 
1.1.1 Crystal Structure 
 Perovskite materials generally have a chemical formula of ABX3. In spite of 
the simplicity of the primal peroskite crystal structure, this family of 
compounds shows a huge variety of structural variants. In the idealized case, 
ABX3 perovskite materials display a cubic symmetry structure with “A” cations 
sitting at cubic corner position (0, 0, 0), “B” cations sitting at the body-centered 
position (1/2, 1/2, 1/2) and “X” anions sitting at the face-centered position (1/2, 
1/2, 0).
15
 In such unit cell, “B” cation is surrounded by an octahedron consisting 
of ‘X’ anions in 6-fold coordination. In the case of perovskite oxides the 
chemical formula is reduced to ABO3. A lot of complex oxides adopt the 
perovskite structure, such as BaTiO3, LaMnO3, BiFeO3, SrRuO3, SrTiO3, etc. 













 Although the ideal case of perovskite structure can be found in compound 
e.g., SrTiO3 at room temperature, a more general case is a lowered symmetry 
which is orthorhombic, tetragonal or rhombohedral, resulting from the lattice 
distortions that are often found in ABO3 perovskite oxides. There are three 




 namely cation displacement (e.g., Ba
2+
 
displacement in BaTiO3 makes it ferroelectric), Jahn-Teller distortion (usually 
found in manganese-based perovskite oxides),
20
 and the rotation of rigid 
octahedra.
21
 Among them, the most common distortion is the rotation of rigid 
octahedra as found in SrRuO3, LaAlO3, CaMnO3, LaNiO3, etc. Therefore, it is 
important to investigate how the octahedral rotations affect the physical 
properties of perovskite oxide materials. 
 The criteria for the formation of perovskite structure have been first 
examined by Goldschmidt in 1926.
22
 According to Goldschmidt, a geometry 





perovskite structure, which describes the mismatch of A- and B- site ions in the 
compound. The tolerance factor t is defined by Eq. (1.1) and has been widely 
accepted as an indicator for the stability and distortion of perovskite structure, 
,
                        (1.1) 
where RA, RB, RO are the ionic radii of A, B and O respectively.
23
  
In general, the perovskite phase consisting of corner-connected octahedra 
will be formed when the value of t is slightly lower or equal to 1 (that is, 1  t > 
0.71).
24
 Note that cubic symmetry will be obtained only when t is very close to 
unity, whilst lower symmetry will occur resulting from lattice distortion when t 
< 0.9, that is, the radii of A-cation are too small to fit into the interstices of the 
corner-connected octahedral network. However, if the value of t is above 1 or 
far below unity, other structures rather than the perovskite structure will form 
(Table 1.1).
24
 In such situations, the octahedra are no longer corner-sharing, 
they may be isolated from each other along some directions when the large size 


























A-cations are too large to 

















A-cations are relatively 
small to fit into the 












A- cations are of same 




 The perovskite structure can easily accommodate a broad range of valence 















is also the parent structure for a wide range of structures including the 
Ruddlesden-Popper series
25
 An+1BnO3n+1 (Fig. 1.2 (a)) and other 












Figure 1.2 (a) Ruddlesden-Popper series An+1BnO3n+1 based on the building block of the 





1.1.2 Physical Properties and Applications 
 The physical properties of transition metal oxides of the ABO3 perovskite 
class vary enormously from one perovskite to another in spite of slight and 
obscure differences in crystal structure. They cover a wide range of intriguing 











 etc. They 
also show potential applications in capacitors, transducers, actuators, sensors 
and electro-optical switches.
36
 In the following, we will discuss some examples 
of perovskite oxide materials that are typical for their unique and outstanding 
physical properties and we will also touch on some applications. 
Ferroelectric is a property of certain material that has a spontaneous electric 
polarization that can be shifted from one state to another by the application of an 





1945 with the finding of robust value of dielectric constants up to 3000 at room 
temperature in BaTiO3 ceramics.
37
 This material opened the door for the most 
technologically important and largest family of ferroelectric materials – the 
perovskite oxides. The chemically simple structure and robust properties of 
perovskite oxide ferroelectrics have attracted a lot of attention and stimulated 
development in both fundamental understanding on ferroelectric and practical 
application in ultra-high density memory devices.
27
 The dominant material for 
the application in sensors and actuators is Pb(Zrx,Ti1-x)O3 (PZT),
38-40
 which is a 
typical perovskite solid solution. Over the past years, there is a search for 
lead-free ferroelectric materials that can replace the PZT family since lead is a 
hazardous substance.
41, 42
 Recently, KNbO3-based alkali-niobate ferroelectrics 
with a perovskite structure have received remarkable attention as promising 
lead-free candidate due to their comparable performance to the PZT family.
43
 
Colossal magnetoresistance (CMR) effect, which could be the key to the 
next generation of memory devices, magnetic-field sensors and transistors, has 
mostly been found in rare-earth manganate perovskites.
2, 31, 44, 45
 Such 
compound also own the fascinating features such as charge ordering and orbital 
ordering.
3
 Charge ordering is due to localization of charges thus it is associated 
with antiferromagnetic along with insulating; orbital ordering is related to the 
favor or disfavor of double-exchange interaction that gives rise to ferromagnetic 





insulating and ferromagnetic metallicity will arise, leading to a rich variety of 
electronic and magnetic ground states in manganese oxide perovskites. 
In addition, many ceramic compounds that exhibit superconductivity have 
perovskite-like structures. The first high-Tc superconductor BaxLa1-xCu5O5(3- y), 
which was discovered in 1986 by Georg Bednorz and Karl Muller,
46
 is an 
oxygen deficient perovskite-related material. Another prime example is the 
famous high-temperature superconductor YBa2Cu3O7-x that can be insulating or 
superconducting depending on the oxygen content.
26, 47, 48
 The crystal structure 
of YBa2Cu3O7-x material is described as a distorted multi-layered perovskite 
structure with some oxygen positions left vacant. Furthermore, bismuth ferrite 
(BiFeO3) - the unique multiferroic material at room temperature
28
 - also adopts 
the perovskite structure with octahedral rotations about [111]pc axes. 
1.2 Octahedral Rotations 




i) displacements of the cations (ferroelectric structure), either parallel 
or antiparallel (anti-ferroelectric structure), 
ii) distortions (or deformation) of the octahedra, 
iii) rotations of the octahedral. 
 Note that the component ii) octahedral distortions and component i) cation 







Figure 1.3 Three origins of structure distortion in ABO3 perovskite material. 
 
separate them. However, the component iii), when it is present, plays the 
decisive role in establishing the symmetry of a certain perovskite material.
19
 
Therefore, unless specifically stated, only octahedral rotations are concerned 
throughout for the determination of perovskite structure in SRO films. 
If the octahedra are kept rigid (the B-O bond length is maintained), the B – B 
cation distance is expected to become shorter as a result of the octahedral 
rotation as shown in Fig. 1.4. 
 
 
Figure 1.4 Schematic diagram of the octahedral rotation about an axis normal to the 
plane of the paper. Black circles indicate the B cations. 
 
The new pseudocubic lattice constant in the presence of octahedral rotations 
are given by               ,               ,               , 
where a, b, c are the pseudocubic unit cell lengths and a0 the cell length of the 





x, y, z axes are denoted by α, β and γ respectively (not to be confused with the 
unit-cell angles). Hence, the correlation between the c/a ratio and octahedral 
rotation is              . 
1.2.1 Description of Octahedral Rotations - Glazer Tilt System 
Octahedral rotations in perovskite materials can be described as a 
combination of component rotations about the three pseudocubic axes: [100]pc, 
[010]pc, [001]pc (subscript pc stands for pseudocubic unit cell).
19
 The 
magnitudes of the rotations are indicated symbolically by a set of three letters 
which refer to the axes in the order [100]pc, [010]pc, [001]pc. In the general case 
rotations with different magnitudes are denoted by abc. Repeating the letter 
means the equality of the appropriate rotation angles. For example, rotations 
with equal magnitudes about each axis are denoted by aaa. 
We must also consider the senses of the octahedral rotations. It is easy to 
imagine that when an octahedron in the corner-connected octahedral network is 
rotated about some particular axis, it causes the opposite tilting of the 
neighboring octahedra about that particular axis in the plane perpendicular to it 
(see Fig. 1.5). However, the adjacent layers of octahedra along the rotation axis 
can rotate independently. The rotation senses can be either identical (this is 
called in-phase) or opposite (this is called out-of-phase) between two 
neighboring octahedra along the rotation axis, denoted by superscript ‘+’ and ‘-' 







Figure 1.5 Octahedral framework of perovskite with octahedral rotations. Black circles 






Figure 1.6 Schematics of two adjacent layers of octahedra viewed along the [001]pc 
direction. Clockwise rotations and anticlockwise rotations are indicated by m and n 
respectively. Missing signs are determined by the relative senses of rotations along the 
axis, denoted by + for in-phase rotation and – for out-of-phase rotations. 
 
Figure 1.6 shows schematics of two adjacent layers of octahedra. Consider 
the octahedron at the top-left position in the first layer, the directions of the 
rotations about the [100]pc, [010]pc and [001]pc axes are defined as clockwise. 
This is indicated by mmm. In general, if we look at any particular axis, then the 





constrained to have opposite rotations.
19
 For example, the octahedron at the 
top-left position in the second layer has to rotate anticlockwise about [100]pc 
and [010]pc axes and the only left freedom is the rotation sense about the [001]pc 
axis. Therefore, either nnm or nnn is resulted (anticlockwise rotations are 
indicated by n). Such operations are carried out through all the octahedra and 
the final result is shown in Fig. 1.6. The missing signs in Fig. 1.6 indicate the 
particular axis along which the octahedra have the choice to rotate clockwise or 
anticlockwise. These particular choices can be denoted by the superscript +, - or 
0 to indicate whether the successive octahedra about an axis are rotated in-phase, 
out-of-phase, or have no rotations.
19






 means opposite sense 
of rotations about [100]pc and [001]pc axes and same sense of tilting about 
[010]pc axis. The rotation angles can also be indicated to be the same about 







The most obvious and direct effect of the octahedral rotations is the lowered 
symmetry. For ABO3 perovskite material in the absence of cation displacement 
or octahedral distortions, the correlation between the 23 unique octahedral 
rotation modes (or Glazer notation) and the space group is well summarized in 
Table 1.2.
19
 That means for materials with octahedral rotations being the sole 
mechanism of structure distortion, structural phase transition occurs as a result 











1.2.2 Important Role of Octahedral Rotations 
It is well known that the rotations and distortions of the corner-sharing 
octahedra influence the electronic and magnetic properties of perovskite 
transition-metal oxides due to the presence of strong electron-lattice 
correlations in them.
19, 49, 50
 Such influence can be enormous especially when 
the perovskite material undergoes a structural symmetry transition arising from 
the octahedral rotations. For example, the superconductivity in YBa2Cu3O7-x 







 More recently, it has been calculated that BiFeO3 
with the super-tetragonal phase possessed a giant ferroelectric polarization 
value of ~150 C/cm2 along <001> direction51 which was three times higher 
than that of BiFeO3 with the monoclinic phase.
52
 Generally speaking, the 
physical property can be dramatically changed via altered bond angles and bond 
lengths concomitant with a symmetry transition, underlining the importance of 
octahedral rotations in modifying the physical properties of perovskite 
materials. 
In addition to the modified properties, some foreign properties and novel 
functionalities can be induced by the rotations of octahedral building blocks in 
perovskites. For example, a nonpolar BiFeO3 phase has been stabilized with 
changes in octahedral rotations across the interface.
53
 Octahedral rotations in 
EuZrO3 and EuHfO3 also enhance the superexchange interactions whereby the 




Recently, a rotation-driven ferroelectricity has been experimentally 
observed
55
 and theoretically predicted
56
 in artificial perovskite superlattices. A 
high, nearly temperature-independent dielectric constant was achieved in 
PbTiO3/SrTiO3 superlattices due to the coupling of the octahedral rotations at 
the interfaces. This behavior is distinct from that of normal ferroelectric, for 





phase transition temperature. The large dielectric constant is very stable over a 
wide range of temperature, making these artificial superlattices particularly 
attractive for dielectric applications.
55
 
This discovery has inspired a search for novel mechanism mediated by 
octahedral rotations in order to create new functionality. Rotomagnetism is one 
such example in which the magnetic order is produced by octahedral 
rotations.
57
 Furthermore, a path to pursue strong magnetoelectric coupling has 
been suggested by actively utilizing the octahedral rotations
58
 in the material 
Ca3Mn2O7. It has been shown that the introduction of more than one octahedral 
rotation modes in Ca3Mn2O7 can produce a linear magnetoelectric coupling 
required for electric field control of the magnetization.
58
 This new mechanism 
for magnetoelectric coupling may be applied to a wide class of materials. The 
octahedral rotations producing this ferroelectric and magnetoelectric coupling 
can generically manifest near or above room temperature, so there appears to be 
no fundamental limitation on the temperature range over which this mechanism 
could produce multiferroic order.  
These interesting findings on rotation-driven properties further highlight the 
significance of octahedral rotations in determining physical properties and even 
creating exotic functionalities. 
1.2.3 Strain Engineering of Physical Properties 





applying hydrostatic pressure or chemical pressure
*
 for epitaxial perovskite 
films that possess almost rigid octahedral, the strain accommodation is mainly 
achieved by octahedral rotations. This makes the substrate-imposed stress an 
effective tool to modify the physical properties, which is termed strain 
engineering. 
Extensive studies have demonstrated the ability to improve the performance 
of ferroelectric perovskites through strain engineering. For instance, Choi et al. 
reported the significantly enhanced ferroelectric properties – the transition 
temperature from paraelectric to ferroelectric was enhanced by as large as 
500°C and the remnant polarization by almost 250% compared to bulk BaTiO3 - 
of the prototypical ferroelectric material BaTiO3 by imposing compressive 
strain.
59
 Recently, it is noted that Zeches et al. successfully achieved a 
strain-driven morphotropic phase boundary (a boundary between phases with 
different structural symmetry) in BiFeO3 epitaxial films, with which a strong 
piezoelectric responses were obtained.
13
 This work marked a major 
breakthrough in the field of non-toxic piezoelectric. Prominent structural 
difference between these two phases was identified from high-resolution x-ray 
diffraction and transmission electron microscope. However, the authors did not 
consider whether the octahedral deformation or octahedral rotations gave rise to 
                                                 
*
 Chemical pressure is provided by the partial substitution with different ion sizes at 





the different phases. 
As one might suspect, there are similar strain effects on the magnetic 
materials to those discussed above for ferroelectric materials. It has been 
observed that the magnetic anisotropy of materials can be controlled through 
substrate-induced stress. For example, La0.7Sr0.3MnO3 thin film exhibited 
in-plane magnetic easy axis and out-of-plane magnetic easy axis when grown 
on SrTiO3 (001) (tensile strain) substrate and on LaAlO3 (001) (compressive 
strain) substrate respectively.
60, 61
 In addition to the magnetic anisotropy, the 
saturation magnetization (Ms) could also be modified by epitaxial strain. 
Several groups demonstrated that the saturated magnetic moments of SrRuO3 
thin films were enhanced by compressive in-plane epitaxial strain.
62, 63
 The 
origin of the enhanced saturated magnetic moments was attributed to the 
altered bonding in the Ru-O octahedra.
64
 Nevertheless, the authors did not 
carry out a measurement to determine the octahedral rotations, which could 
have given a clearer picture about this enhanced magnetic moment. 
 Despite the extensive studies on the ability of engineering the physical 
properties by substrate-induced strain, the octahedral rotations that 
accommodate the misfit strain have rarely been studied carefully until recently, 
Vailionis et al. tried to determine the Glazer tilt system of epitaxial SrRuO3 
and La0.67Sr0.33MnO3 films from the lattice parameters.
65
 However, the authors 





octahedral rotation pattern. Therefore, an experimental verification on the 
octahedral rotations is required. In a more recent report by Chang et al.,
66
 the 
presence or absence of octahedral rotations in SrRuO3 thin films was 
investigated by the half-integer Bragg reflections. However, a complete 
determination of the octahedral rotation pattern was missing.  
1.2.4 Determination of Octahedral Rotations 
In spite of the recognized importance of octahedral rotations to properties 
of thin films, rational control over functionalities via octahedral rotations is 
still rare experimentally.
53, 55
 This is in part due to the difficulties in obtaining 
oxygen positions with high precision that are crucial in determining the 
patterns and magnitudes of octahedral rotations. Although the method to 
determine the octahedral tilt system has been suggested
67
 and was successfully 
applied to bulk perovskites since the 1970s,
68-72
 the octahedral rotations in 
epitaxial thin films have been poorly understood and rarely characterized owing 
to the limited sample volume and the weak scattering from oxygen atoms. 
However, there is booming research on functional perovskite-oxide thin films, 
revealing intriguing and novel physical properties that do not exist in bulk 
materials. Both extended x-ray absorption fine structure and multiple 
diffraction rod analysis techniques have been utilized to investigate the 
octahedral rotations in perovskite films, however the complexity of the data 
analysis has limited their extensive use.
73, 74





electron microscopy and high flux synchrotron x-ray sources have enabled the 
measurements of the rotation patterns and magnitudes of octahedral tilts in 
thin perovskite films.
75-81
 This development in experimental techniques 
dramatically simplifies the data analysis process and permits the complete 
determination of geometric rotation pattern of octahedra in thin film 
perovskites. 
Both the transmission electron microscopy and synchrotron x-ray 
diffraction are effective experimental techniques to directly measure the 
octahedral rotations in thin perovskite films. The synchrotron x-ray diffraction 
has advantages over transmission electron microscopy from several aspects. 
Firstly, the sample preparation for transmission electron microscopy is a 
time-consuming and a destructive process that may cause unexpected changes 
in the film structure. Besides, the view generated from an electron 
transmission microscope is very small. This may cloud test results, as what 
was discovered from one very small area may not be indicative of the whole. 
Therefore, synchrotron x-ray diffraction was utilized in this study to carry out 
the measurements of octahedral rotations in SRO films. The detailed principles 
of this technique will be introduced in section 2.2.3 half-integer reflections 
using synchrotron x-rays. 
1.3 SrRuO3 Thin Films 







 with a Curie temperature of around 160 K and a 
magnetic moment of about 1.6B per Ru ion.
83
 In this work, SRO is chosen to 
study the relationship between the octahedral rotations and physical properties 
for several reasons. 
First SRO is widely applied in complex oxide multilayer structures. It is the 
most popular electrode for all oxide heterostructures since it is one of the few 
complex oxides that exhibit metallic conductivity without doping. Moreover, it 
exhibits high crystalline quality, good surface smoothness,
84
 excellent 
chemical and thermal stability.
85, 86
 Its good lattice mismatch with most of the 
functional oxides makes it easy to incorporate into heterostructured devices. 
The most prominent example is the successful use of SRO electrode in 
ferroelectric capacitor structures.
87
 Other examples include field-effect 
transistors
88
 and ferroelectric tunnel junctions
89
 that could be applied in 
nonvolatile memory and logic devices by employing SRO bottom electrode. In 
addition, SRO thin film can be applied into all-epitaxial oxide magnetic tunnel 
junctions
90, 91
 by utilizing its ferromagnetic and magnetoresistance properties. 





 or multiferroic materials
95
 to create 
multiferroic heterostructures which has potential to create voltage-driven 
memory devices based on magnetoelectric coupling.  





property of SRO is sensitive to the octahedral rotations. SRO is a nearly 
half-metallic oxide whose minority spin densities locate just above Fermi level 
and majority spin densities just below Fermi level. There is a strong 
hybridization in SRO between Ru d orbitals and oxygen p orbitals as indicated 
by the consistent overlap between Ru t2g, Ru eg, and O 2p states.
14
 Therefore, 
the spin configuration thus the magnetic properties and electronic properties of 
SRO could be easily affected by manipulating the hybridization between Ru d 
orbitals and O p orbitals through adjusting the tilts and rotations of octahedra.
14
  
Although SRO shares many properties with other complex oxides (e.g., 
cuprates), it has the appealing characteristic that the properties of interest are 
present in the undoped parent material, thus avoiding the complications brought 
about by disorder. In the following, the crystal structures, magnetic properties 
and electrical transport properties SRO material is reviewed. 
1.3.1 Structure of bulk SRO and thin film SRO 
In bulk, SRO exhibits an orthorhombic symmetry at room temperature with 
lattice parameters ao = 5.5670 Å, bo = 5.5304 Å, co = 7.8446 Å (subscript o 
stands for orthorhombic unit cell).
96
 It can also be described by a distorted 
pseudocubic perovskite structure with lattice constant apc =3.923 Å (subscript 
pc stands for pseudocubic unit cell). The orthorhombic phase can be described 






 where the RuO6 octahedra rotate out-of-phase about 








Figure 1.7 A sequence of phase transitions of bulk SRO from orthorhombic to 




With increasing temperature, the orthorhombic phase that is stable at room 
temperature transforms to perovskite structure with higher symmetry. At around 
820 K, tetragonal structure
98






 is formed where the 
RuO6 octahedral rotations are only present about the [001]pc direction. Further 









 tilt system in which the RuO6 octahedra are not rotated, as illustrated 
in Fig. 1.7. 
In epitaxial SRO films, on the other hand, versatile structural symmetries 
have been reported, which may correspond to different octahedral tilt 
systems.
99-101
 The widely accepted view about the crystalline structure of the 
SRO films when on the commonly used substrate SrTiO3 (001) is distorted 
orthorhombic, with the [110]o direction along the film normal and the [001]o 
direction along the STO in-plane axis [100] or [010],
101, 102













The crystalline symmetry of epitaxial SRO films varies with the substrate 
imposed misfit strain as well as the film thickness. It has been reported that the 
SRO film exhibits a distorted orthorhombic structure when it is subject to 
compressive strain and displays a tetragonal symmetry when it is under tensile 
strain.
99
 Structural phase transition from distorted orthorhombic to tetragonal 
has also been observed in films with different thicknesses.
66, 100
 For epitaxial 
films that are under compressive strain (e.g., grown on STO substrates), 
tetragonal structure is stabilized with decreasing film thickness to less than 7 
nm.
66
 On the other hand, for films that are subject to tensile strain (deposited on 
GdScO3 substrates), the crystal structure transits from monoclinic to tetragonal 
with increasing the film thickness,
100
 which is contrary to the situation for 





the changes in the RuO6 octahedral rotations. This highlights the importance of 
octahedral rotations in the strain accommodation of epitaxial grown films. 
However, the RuO6 octahedral rotation pattern that determines the symmetry in 
SRO films was poorly understood or was only inferred from the lattice 
parameters measurements.
65, 100
 Therefore, direct measurement of octahedral 
rotations by half-integer reflections using synchrotron x-ray is essential for a 
complete determination of the corner-shared RuO6 rotations in different 
structured SRO films. 
1.3.2 Magnetic Properties 
The large magnetocrystalline anisotropy in SRO arises from the strong 
spin-orbit coupling. Studies on the single crystals have shown that the magnetic 
easy axis in bulk SRO is along the face diagonals in the pseudocubic unit cell, 
that is, <110>pc directions.
104
 For SRO films grown on STO substrate, there is a 
temperature dependence of easy axis that varies its angle relative to the film 
normal direction [001]pc from ~ 45 at Tc to ~ 30 at 4.2 K.
105
 The uniaxial 
magnetic anisotropy is further confirmed by other reports,
106, 107
 in which the 
single easy axis at 5 K lies at ~ 26 with respect to the normal. Structural 
analysis has demonstrated that this uniaxial magnetic anisotropy is closely 
related to the lattice distortion from orthorhombic into triclinic symmetry
101
 that 
appears to be rooted in the rotations of RuO6 octahedra. This finding 





anisotropy via crystalline anisotropy.  
In addition to the SRO films on STO substrate, extensive studies were 
carried out about SRO films on different substrates, showing that the octahedral 
rotations can be manipulated by a substrate-induced biaxial stress that in turn 
allows the control of physical properties.
64, 108
 It was shown that the magnetic 
anisotropy of SRO thin film could be manipulated by tunable epitaxial strain 
which was induced by CaHfO3 buffer layer with variable thickness.
108
 The 
enhancement of magnetic moment and the high-spin state Ru
4+
 was reported to 
be controlled through the application of compressive in-plane strain.
64 
However, 
the structural symmetry for the films undergoing different misfit strains has not 
been clearly elucidated. It is expected that most noticeable changes in the 
electronic properties and magnetic properties should be observed between SRO 
phases with different symmetry. The tetragonal SRO phase has been reported in 
a most recent paper, in which the close relationship between the structure 
symmetry and magnetic anisotropy has also been demonstrated.
100
 However, 
the octahedral rotations that determine the symmetry were not clearly depicted. 
A systematic study on the octahedral rotations in SRO films with diverse 
symmetry is therefore warranted. 
1.3.3 Electrical Transport Properties 
 In addition to the interesting magnetic properties, the transport properties of 





resistivity up to 1000 K at high-temperature range
109
 is reminiscent of that seen 
in high-Tc (Tc is the magnetic ordering temperature) superconductors; whilst at 
low-temperature range (T << Tc), resistivity minima correlated with disorders 
were observed by Klein et al.
105
 as well as by Herranz et al.
110
  
Here, we mainly review the anisotropic resistivity that is affected by the 
crystalline symmetry considering the focus of this study. It was found that the 
resistivity of SRO film along [1-10]o axis (in-plane projection of the magnetic 
easy axis) is larger than that along [001]o axis both above and below Tc.
111
 In 
addition, anisotropic magnetoresistance (MR) was studied in both paramagnetic 
phase
112
 and ferromagnetic phase SRO
113
, revealing the close relationship 
between crystal symmetry and MR. More recently, the angular dependent 
anisotropic MR in SRO film on STO were thoroughly studied, with magnetic 
fields rotated within different planes.
114
 A monoclinic symmetry of MR was 
found in this study, in good agreement with the previously reported crystalline 
symmetry
101
 and uniaxial magnetic anisotropy
105
 of SRO films on STO 
substrate, indicating the surprisingly vital role of crystalline symmetry played in 
determining the anisotropic MR properties. However, the octahedral rotations 
of SRO films that determine the symmetry were not studied, which may have 
shed light on the underlying mechanism (such as orbital overlap effect) 
connecting the crystalline symmetry and MR properties.    





In view of the above review, it is worthwhile to point out that although the 
importance of octahedral rotations and structural symmetry in physical 
properties has been shown by a large number of studies, the determination of 
octahedral rotations in perovskite films has not been as commonly studied,
77, 78, 
115, 116
 the relationship between the octahedral rotations and the physical 
properties has not been properly clarified and the underlying mechanism has not 
been well understood. 
i) The method to determine the perovskite structures (including the octahedral 
rotations) has been developed since as early as 1975. However, most of the 
studies on determining the octahedral rotations were limited to bulk 
samples while very few were on thin films. 
ii) Although there are a variety of reports that try to attribute the modified 
physical properties to structural distortions, the type of structural distortions 
has not been clearly identified. 
iii) The relationship between the octahedral rotations and physical properties 
has not been well constructed. 
iv) Currently, the underlying mechanism about the connection between 
physical properties and the structural symmetry has yet to be explored or 
understood. 
This thesis presents an exploratory study on how to control the octahedral 





specific objectives are to: 
i) Develop a technique to investigate the octahedral rotations in SRO films as 
a function of oxygen content, film thickness and strain. 
ii) Study the relationship between the octahedral rotations and the physical 
properties of SrRuO3 films. 
iii) Explore the underlying mechanism connecting the octahedral rotations and 
physical properties in SRO films. 
iv) Manipulate the physical properties of SRO films via rational control over 
the octahedral rotations. 
In order to achieve these objectives, we applied the technique of half-integer 
reflections to investigate the octahedral rotation patterns in SRO films by 
analyzing the synchrotron x-ray diffraction data. Three strategies were used to 
stabilize different structured SRO films at room temperature: introducing 
oxygen vacancies, varying film thickness and applying different misfit strain. 
We also studied the anisotropic magnetization and transport properties for the 
SRO films with different crystalline symmetry. 
Octahedral rotations play an important role in determining the crystal 
structures and physical properties of perovskite oxide films. Therefore, the 
investigation on the relationship between octahedral rotations and physical 
properties of SRO films may contribute to a better understanding of the origin 





thickness and strain may lead to SRO with dissimilar octahedral rotation 
patterns, and thus give rise to novel structural, electronic, and magnetic 
behaviors which may have practical applications. In addition, the results may 
provide guidelines for controlling and designing desired properties of other 
perovskite oxide materials. 
This thesis is organized as follows. Firstly the fabrication method of SRO 
films and characterization techniques are introduced in Chapter 2. In Chapter 3, 
we made a thorough study on SRO films with different oxygen stoichiometry. 
In Chapter 4, we turned to the impact of oxygen vacancies and film thicknesses 
on RuO6 octahedral rotations and physical properties, in particular, for SRO 
films grown on STO substrate. From the obtained results and analysis, the 
relationship between the octahedral rotations and the anisotropic physical 
properties was constructed. Besides, an underlying mechanism has been 
established aiming to better understand this relationship. In Chapter 5, the effect 
of misfit strains on the octahedral rotations has been investigated by using 
different substrates and the results further confirmed the established mechanism. 
In Chapter 6, we made a conclusion of the thesis and end with a look to the 
future of transition metal perovskite oxides with special attention given to the 






CHAPTER 2 Experimental 
The thin film deposition technique used in this study - pulsed laser 
deposition (PLD) - will be presented in this chapter. In addition, the 
characterization methods including x-ray diffraction (XRD), x-ray 
photoelectron spectroscopy (XPS), x-ray absorption spectroscopy (XAS), 
superconducting quantum interference device (SQUID), physical property 
measurement system (PPMS) and first-principles calculations, which will be 
described generally. 
2.1 Film Deposition-Pulsed Laser Deposition (PLD) 
Pulsed laser deposition (PLD) is a typical film growth technique that is 
routinely used to grow epitaxial complex oxide films. The main advantage of 
PLD is the easy control of film stoichiometry (with the exception of oxygen, 
the oxygen content also depends on the oxygen partial pressure) by just 
preparing a target with the desired elemental composition. This is much easier 
than the other film deposition methods such as MBE process where the flux 
ratios of individual atomic sources have to be measured and adjusted. Another 
advantage of PLD is the ability to introduce high pressures of oxygen into the 
growth chamber of up to about 1 Torr. This is particular important in order to 
avoid oxygen vacancies in the oxide films. 





to the heater at the top of the chamber and the targets at the bottom. Many 
other orientations are also possible, depending on some other factors such as 
the position of the deposition laser. The working process of the PLD is that an 
intense laser pulse is introduced into the chamber and heats a small volume at 
the surface of the target material up to very high temperature, resulting in the 
evaporation of the source material from the target surface. The ablation plume 
consisting of the evaporated elements are then transferred onto the substrate. 
The size and shape of the ablation plume and the distance between the target 
and the sample are both important process parameter for PLD process. For 
longer distances, the plume cannot reach the surface of the substrate thus may 
result in off-stoichiometry while shorter distances may lead to large particles 
and rough film surfaces. 
 
Figure 2.1 Schematic diagram of working principle of PLD. 
 
In this work, SRO thin films were deposited by pulsed laser deposition 
(Bestec GmbH) with a pulsed KrF excimer laser (248 nm, 20 ns duration). The 
laser energy density was kept ~ 1.4 J/cm
2





After a few depositions, the SRO target was rubbed and polished to keep the 
stoichiometry of the target. Before every deposition, pre-sputtering was 
carried out and the background vacuum of ~110-8 Torr was obtained to 
minimize contamination. 
2.2 X-ray Diffraction (XRD) 
X-rays with wavelength comparable to atomic spacing (several Å) in 
crystals makes it an excellent detector to investigate the crystal structures in 
materials. Figure 2.2 illustrates the basic principle of Bragg’s law in XRD. 
When parallel incident x-rays interact with the atoms in the crystal, x-rays are 
scattered and produce secondary spherical waves emanating from the electrons 
in atoms. Although these waves cancel one another in most directions known 
as destructive interference, in a few certain directions they interfere 
constructively. 
It can be seen clearly from Fig. 2.2 that the path difference between two 
parallel x-rays is 2dsin in which d is the distance between two successive 
crystallographic planes and 2 is the angle between the incoming and scattered 
x-rays. The condition for the constructive interference is that the path 
difference between these scattered x-rays should be integer times of the 
wavelength , leading to Bragg’s Law: 
2dsin = n,                            (2.1) 








Figure 2.2 Schematic diagram of Bragg’s law in x-ray diffraction. Note that the 
horizontal solid lines indicate the atomic planes perpendicular to the paper, rather than 
the sample surface. 
 
2.2.1  - 2 scan 
The -2 scan is one kind of scanning mode in XRD in which the angle 
between the incident x-rays and the sample surface equals to the angle 
between scattered x-rays and the sample surface. That is, when the atomic 
plane shown in Fig. 2.2 is parallel to the sample surface. -2 scan is routinely 
used to identify the crystalline phases, calculate lattice constants, determine the 
grain size, etc. in powders. It can also be used to determine the preferred 
orientation and out-of-plane lattice constant in single crystal films. 
2.2.2 Reciprocal Space Mapping (RSM) 
For the epitaxial films, although the out-of-plane lattice constant can be 
calculated from the -2 scan, the in-plane lattice constant and the unit cell 





equipped with a four-circle diffractometer. 
In order to extract the structural information from RSM, we first need to 
know the relationship between the direct lattice and the reciprocal lattice. The 
three basic reciprocal lattice vectors    ,     and      are defined with respect to 
the primitive vectors of the real space lattice   ,    and   : 
    
        
            
     
        
            
      
         
            
.                 (2.2) 
Usually, the reciprocal space vectors are expressed as linear combinations of the 
basic reciprocal lattice vectors    ,     and     : 
             
           ,                     (2.3) 
where h, k, l are the Miller indices. For every set of parallel planes in the direct 
lattice specified by hkl, there is a corresponding point in the reciprocal lattice. 
Consider a monoclinic structure with the unique b axis normal to the paper 
that contains    and    vectors. A projection of this direct lattice is shown in Fig. 
2.3(a) and its reciprocal lattice is shown in Fig. 2.3(b). In this case, because 
       ,     is parallel to   . The definition of the primitive reciprocal 
lattice vectors given in Eq. (2.2) guarantees that the vector     is perpendicular 
to the b-c plane,     is perpendicular to the a-c plane and     is perpendicular to 
the a-b plane. This requires that 
          ,          ,          .            (2.4) 
Note that in reciprocal space, the directions of H, K and L (H =     , K =     , 





Therefore, we can calculate the angle β* if the positions of (00l), (h0l) and (-h0l) 
points are known. Take the 60nm-SRO film sample deposited on STO (001) 
substrates in 60 mTorr oxygen for example. Before measurement, the alignment 
was carried out so that the coordinate of the reciprocal space is based on the 
ideal cubic lattice of STO substrate. The alignment of H value of the reciprocal 
lattice points of the film and substrate is shown in all the mappings, implying 
that the SRO film is fully strained. The L direction of the film can be inferred  
 
 




Figure 2.4 Reciprocal space mappings for the 60nm-SRO film deposited in 60 mTorr 





from Fig. 2.4(a), which is parallel to that of the substrate’s. The H direction of 
the film can also be determined from Fig. 2.4(b) and Fig. 2.4(c) by linking the 
SRO (-103) and SRO (103) points in straight line if assuming that these two 
reciprocal lattice points are in the HL plane. From geometric considering 
(shown in Fig. 2.3(b)), the angle between H (or    ) and L (or    ) can be 
calculated by: 
                                
           
      
      ,     (2.5) 
where    = HSRO(103) – HSRO(-103) and    = LSRO(103)–LSRO(-103).    is also 
clearly indicated in Fig. 2.4. The angle       between     and     determines 
that the angle   between a and c to be                  from Fig. 2.3. 
Similarly, the angle α between b and c can also be determined in this way. The 
only difference is that the coordinates of (0hl) and (0-hl) points instead of (h0l) 
and (-h0l) points should be obtained in this situation. Although we can get some 
idea about the symmetry information from the two-dimensional RSM, the final 
structural determination can only be achieved by a set of H-scans, K-scans and 
L-scans in the three-dimensional reciprocal space, whereby the positions of 
reciprocal lattice points can be obtained. 
2.2.3 Half-integer reflections using synchrotron x-rays 
The technique by employing half-integer reflections is extensively used in 
this study to determine the RuO6 octahedral rotation pattern of the epitaxial 





determine the perovskite structures in bulk materials using conventional lab 
x-rays.
67




Figure 2.5 Schematic diagram of the 2-dimentional network of the corner-shared BO6 
octahedra when the octahedra are (a) not rotated and (b) rotated about an axis 
perpendicular to the plane of the paper. Green circles represent A cations, red circles 
represent O aions. B cations are surrounded by O anion and thus not shown. 
 
The rotations of octahedra affect the crystal structure of perovskites from 
several aspects. Among them, the most obvious consequence is the doubling of 
the unit cell length along certain axes. In Fig. 2.5(a), the crystal structure 
without any octahedral rotations has a unit cell length of apc. After tilting 
however, one octahedron has to rotate in an opposite way to that of the 
neighboring octahedron in order to keep the connectivity, thus leading to a 
doubling of the unit cell length along the directions normal to the tilt axis, as 
shown in Fig. 2.5(b).  
Along the direction parallel to the tilt axis, on the other hand, the octahedral 
connectivity does not require the neighboring octahedra to rotate oppositely. 





same direction (denoted by the superscript +) or in the opposite direction 
(denoted by the superscript -), giving rise to an unchanged unit cell length or a 
doubled cell length along that particular axis respectively. Figure 2.6 shows 
typical examples to distinguish between these two situations. In both Fig. 2.6(a) 
and (b) panels, the octahedra only rotate about the direction normal to the plane 
of the paper. For the case of Fig. 2.6(a), the octahedra in the nearest neighboring 
layers rotate alternatively, resulting a doubling of the unit cell along that 
direction. On the contrary, the octahedral rotations are exactly the same 
between the layers along the rotation axis (see Fig. 2.6(b)). 
 
 
Figure 2.6 Schematic diagram of the octahedral rotations viewed along c axis for the 














According to Eq. (2.2), doubling of the unit cell length will result in half of 
the lattice vector in the reciprocal space. Therefore, some particular 
half-integral reflections arising from the rotated octahedra should appear. The 
information of the octahedral rotations is all contained in the half-integer 
reflections. For example, from the type of the index at which the half-integer 





axis about which the octahedra are rotated. A lot of perovskite structures have 
been resolved by using this method. However, this method was limited to bulk 
samples since the half-integer peaks produced by the off-positioned oxygen 
atoms are extremely weak compared to the main peaks that arise from the 
heavier A and B atoms. Recently, the development of high flux synchrotron 
x-ray sources enables the measurements of the rotation patterns and magnitudes 
of octahedral tilts in thin perovskite films.
77, 78, 80
 Sometimes, half-integer 
reflections occur as a consequence of cation displacements (when the 
displacements are antiparallel). Fortunately, it is relatively easy to differentiate 
between reflections arising from cation displacement and rotated octahedra 
from the intensity of the half-integer peaks. Usually the cation displacements 
give rise to stronger half-integer peaks than octahedral rotations because the 
cation atoms are much heavier than the oxygen atoms.  
In this study, the out-of-plane lattice parameters of the epitaxial SRO films 
were calculated by measuring θ-2θ scans using a Bruker AXS D8 Advance 
XRD system. The crystal structures and the lattice parameters of SRO film 
were determined via reciprocal space mapping by high resolution XRD. 
Half-integer reflections were utilized to determine the octahedral rotation 
patterns through a set of L-scans including (
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/2 L) using synchrotron x-ray sources at the XDD (x-ray development and 





at the BL14B1 (diffractometry) beam line of Shanghai Synchrotron Radiation 
Facility (SSRF). 
2.3 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique 
that utilized the kinetic energy and number of emitted photoelectrons to study 
the elements composition and electronic state of the surface region of a sample. 
The working principle of XPS is that when monoenergetic x-rays with a photo 
energy of hv irradiate a material, the core electron of the atom with binding 
energy of EB, absorb the x-ray photon energy and escape into the ultrahigh 
vacuum with a kinetic energy EK. These electrons ejected from sample surface 
by the x-rays are referred to as photoelectrons. The XPS spectra are obtained 
via collecting the photoelectrons and measuring the kinetic energy and number 
of these phtoelectrons. The binding energy of the electron (EB) that identifies 
the element and electronic state thus can be determined by: 
EB = hv – EK - s ,                     (2.6) 
where is s is the work function of the spectrometer (not material). Note that 
although the x-rays are able to penetrate into the solid on the order of 1~10 
micrometers, the photoelectrons that can escape from a material without loss 
of energy are usually from the top 0 to 10 nm of the sample surface. Therefore, 






In this study, elemental composition was performed by XPS (Axis Ultra 
DLD in Kratos) using a monochromated Al Kα source (1486.6 eV). The 
approximate composition of the SRO films was determined by dividing the 
individual integrated peak areas by their respective atomic sensitivity factor. 
2.4 X-ray Absorption Spectroscopy (XAS) 
X-ray absorption spectroscopy (XAS) is a unique tool to study the electronic 
structure and local environment of selected elements within a material. The 
experiment is usually performed by synchrotron radiation sources, which 
provide intense x-rays and tunable photon energy. XAS can be applied not only 
to crystals, but also to amorphous systems, allowing it to be used in a broad 
range of disciplines: physics, chemistry, medicine, geology and so on. The basic 
quantity measured in XAS is the absorption coefficient as a function of x-ray 
energy. There are three main regions in a XAS spectrum: Pre-edge structure, 
XANES (X-ray Absorption Near Edge Structure) and EXAFS (Extended X-ray 
Absorption Fine Structure), which are employed in different situations for 
different purposes.
117 
In this study, the oxidation states of Ru were examined by XANES at Ru 
K-edge performed at Sector 20-BM-B of the Advanced Photon Source (APS) at 
Argonne National Laboratory. The electronic structure of SRO was investigated 
by XANES at Ru-L2,3-edges arising from Ru 2p  Ru 4d transition, which 





technique at Sector 9-BM-B. 
2.5 Superconducting Quantum Interference Device (SQUID) 
Superconducting quantum interference device (SQUID) is a high-sensitive 
magnetometer used to study magnetic properties. The key element of a SQUID 
is a superconducting loop with one or more weak links, forming several 
Josephson Junctions.
118
 SQUID can be used to measure a very small magnetic 
moment since its sensitivity can reach up to 10
-8
 emu. During the magnetization 
measurement, the temperature can be controlled accurately over wide range (2 
K ~ 400 K). 
In this study, a SQUID system (MPMS, Quantum design, USA) was used for 
the magnetic properties measurement. The samples were cut into 55mm and 
inserted into a non-magnetic straw (which is provided by Quantum Design as 
the sample holder). Collected data for the films were corrected by subtracting 
the diamagnetic signal from the sample holder and substrate. In order to 
investigate the magnetic anisotropy, the samples were inserted perpendicular 
and parallel to the straw to get the out-of-plane and in-plane magnetization 
respectively. Magnetic hysteresis loops were measured at low temperature (5K); 
field cooled (FC) magnetization wer measured in the temperature range of 5 ~ 






2.6 Physical Property Measurement System (PPMS) 
Physical property measurement system (PPMS) is an open architecture, 
variable temperature-field system that is designed to perform a variety of 
automated measurement.  
In this work, the resistance was measured by a linear array 4-point probes 
method using physical property measurement system (PPMS, Quantum Design) 
equipped with a sample rotator. A variety of measurements were carried out 
using this instrument including temperature dependence, field dependence and 
field-angle dependence of resistance. The temperature can be varied from 1.9 K 
to 400 K to get a temperature dependence resistivity. A magnetic field up to  
9T can be applied during the measurement in order to obtain the 
magnetoresistance. In addition, the sample can be rotated clockwise from 0 to 
360 and then anti-clockwise from 360 to 0 with the application of magnetic 
field thus the field-angle dependence of magnetoresistance can be obtained. 
This kind of magnetic field-angle dependence can be used to investigate the 
anisotropy of magnetic materials, especially suitable for material that has 
strong magnetic anisotropy as have been found in SRO films. 
2.7 First-principles Calculations 
First-principles calculations were used to calculate the unit cell energy of the 
SRO film by the Vienna ab initio simulation package (VASP).
119
 In the 







 for the exchange-correlation 
function and the Vanderbilt-type ultrasoft pseudopotentials
121
 to describe the 
valence electron interaction with the atomic core. The plane wave basis set with 
a maximum kinetic energy of 500 eV and 10×10×8 k-point mesh generated by 
the Monkhorst-Pack scheme were adopted.
122
 For the study of magnetic 
anisotropy, the total energies of the unit cell with different magnetization 
directions were calculated and compared to determine the easy axis. The 
magnetic anisotropy due to the spin-orbit coupling is determined by the force 
theorem, and calculated based on the energy difference between the easy axis 








CHAPTER 3 The Role of Oxygen Vacancy on the 
Structural Phase Transition and Physical Properties in 
SrRuO3 Films 
3.1 Introduction 
It is well known that in perovskite oxides, any distortion from cubic structure 
is a result of cooperative BO6 octahedral distortions and rotations induced by 
the mismatch between the A-O and √2(B-O) bond lengths. It can be imagined 
that in SRO material, if the oxidation state of Ru is modified by elemental 
composition, the ionic radii thus the Ru-O-Ru bond lengths and bond angles 
should be altered accordingly, leading to a different octahedral rotation pattern 
that gives rise to a different structural symmetry compared to stoichiometric 
SRO. The composition of SRO thin films is dependent on the deposition 
method, oxygen activity, oxygen pressure, etc.
123, 124
 Both the Ru deficient and 
the O deficient SRO samples have been reported.
123, 124
 Considering the 
dramatic difference in octahedral rotations between two SRO phases, the 
modification in structural symmetry is more likely to happen in oxygen 
deficient samples than Ru deficient due to the much larger ionic radii of O (1.23 
Å) than Ru (0.76 Å). 
In this chapter, we report an oxygen stoichiometry-dependent structural 





properties, especially the magnetic properties and electrical transport properties, 
were found to be closely related to the structural symmetry. 
3.2 Experimental 
The SRO thin films were grown on nominally exact STO (001) substrates by 
PLD with KrF excimer laser focused on stoichiometric ceramic SRO target. The 
target to substrate distance was fixed at 60 mm. Before deposition, the STO 
substrates were ultrasonically cleaned in iso-Propyl alcohol (IPA) for 1 h. 
Typical thicknesses of the films range from 50 to 70 nm. The substrate 
temperature was fixed at 450°C during the film deposition process, measured 
by a double wavelength pyrometer. By varying the oxygen partial pressure from 
100 to 5 mTorr, we were able to synthesize SRO thin films with different 
oxygen content.  
The stoichiometry of the samples was examined by XPS as well as by 
XANES. The crystal structure of the SRO films was determined by 
high-resolution XRD. The magnetic properties were investigated by SQUID. 
Transport properties were performed with the four-probe method in a PPMS 
system. 
3.3 Results and Discussion 
3.3.1 Stoichiometry and Morphology 





oxygen measured by XPS are Ru : O = 1 : (2.95 ± 0.05), 1: (2.84 ± 0.05) and 1: 
(2.52 ± 0.05) respectively. In order to further confirm the stoichiometry of SRO 
films, the relative content of Ru and O was examined by comparing the 
oxidation states of Ru by XANES measurements at Ru K-edge as shown in Fig. 
3.1. The shift of absorption edge towards higher energy for the SRO films 
grown in 100 mTorr oxygen (blue curve) indicates that the oxidation state of Ru 
is higher than that of the films grown in 30 mTorr oxygen (red curve), implying 






Figure 3.1 Normalized Ru K-edge XANES of Ru metal standard (black dotted curve), 
and SrRuO3 (SRO) films grown in 100 mTorr (blue solid curve) and 30 mTorr (red 
dashed curve) oxygen. Inset is the XANES spectra in a wider x-ray energy range. 
 
 The morphology of the SRO films deposited in different oxygen partial 
pressure were characterized by AFM as well as by transparent electron 





samples with a roughness below 2 nm. High-resolution cross sectional TEM 
(Fig. 3.3) suggests the clear and sharp SRO/STO interfaces and the high 








Figure 3.3 Cross sectional HRTEM image of SRO film deposited on STO substrate. 
3.3.2 Structural Properties and Phase Transition 





XRD θ-2θ scans. The only appearance of SRO 00l and STO 00l peaks implies 
the absence of secondary phases as well as the epitaxial growth of the film. 
Figure 3.2 shows the zoomed in XRD spectra around the 002 peak. A peak shift 
as large as 1.3 is observed with varying the oxygen partial pressure [Fig. 
3.4(a)], corresponds to a unit cell elongation from 3.958 Å to 4.071 Å along the 
out-of-plane direction. This can be attributed to either the changes in bond 
lengths or the bond angles that are largely affected by oxygen stoichiometry. 
 
 
Figure 3.4 (a) XRD θ-2θ spectrum of SRO films at varying oxygen pressures; (b) 
oxygen pressure dependence of out-of-plane lattice parameter of SRO films. 
 
The crystal structure of the SRO film was examined by RSMs using HRXRD 
around {204} STO Bragg reflections. Figure 3.5 shows the RSMs result for the 
all the films grown at different oxygen environment. Note that the L direction is 
normal to the film surface. Almost all the SRO films (except the one grown in 5 
mTorr) are completely strained on the STO substrates, inferred from the 
vertical alignment of the SRO and STO reciprocal lattice point. Consider the 

























































position of the SRO reciprocal lattice point in the {204} mappings. In Fig. 
3.5(a), the different L values of SRO (204) and SRO (-204) indicate an oblique 
angle between the reciprocal lattice vectors H and L, and thus the angle β 
between direct lattice vectors a and c is unequal to 90°. On the other hand, the 
same L values of SRO (024) and SRO (0-24) indicate a 90° angle between 
vectors b and c in the direct lattice. That means, α = 90°. The relationship 
between the reciprocal lattice points and the unit cell angles are graphically 
shown in Fig. 2.3. Based on this established principle, we are able to identify 
the crystal system of SRO film from the L values in the (0kl) and (h0l) 
mappings.  
With varied oxygen partial pressure, there are two kinds of structures 
formed: one is the usually reported monoclinic structure represented by the 
dissimilar L values [see Fig. 3.5(a)-(b)] for the film deposited in 100 mTorr 
and 60 mTorr oxygen; the other is the tetragonal structure indicated by the 
same L values [Fig. 3.5(c)-(e)] for film deposited under oxygen partial 
pressure below 45 mTorr. The abrupt change of L differences in SRO{204}pc 
mappings from nonzero to nil suggests a structural phase transition from 
monoclinic to tetragonal in an oxygen pressure window from 60 mTorr to 45 
mTorr. For the mapping shown in Fig. 3.5(f) however, an obscure area instead 
of clear and sharp spots is observed, indicating the poor quality of the SRO film 

































































































































































Figure 3.5 Reciprocal space mappings (RSMs) of SRO films grown on SrTiO3 (STO) 
substrates in (a) 100 mTorr, (b) 60 mTorr, (c) 45 mTorr, (d) 30 mTorr, (e) 15 mTorr and 
(f) 5 mTorr. SRO film grown in (a)100 mTorr and (b) 60 mTorr clearly shows a 
monoclinic unit cell with   90, while SRO grown in (c) – (e) 45 mTorr ~15 mTorr 








The exact lattice parameters were calculated from the position of SRO 
(002), (-103) and (013) reciprocal lattice point in the reciprocal space of STO 
and were summarized in Table 3.1. Note that the lattice constants shown here 
are in the pseudocubic unit cell. One common feature shared by all the films is 
the in-plane lattice constants apc and bpc, which are exactly the same with that 
of the STO substrate, probably due to the good lattice mismatch between SRO 
and STO (misfit strain of only -0.64%). The monoclinic symmetry can be 
differentiated from tetragonal by the value of unit cell angle , which is  90° 
for monoclinic and = 90° for tetragonal unit cell. 
 
Table 3.1 Summary of the structural parameters of SRO films deposited under different 





Lattice Parameters (Å and °) 
apc bpc cpc pc pc pc
100 mTorr Monoclinic 3.905 3.905 3.958 90.0 89.5 90.0 
60 mTorr Monoclinic 3.905 3.905 3.970 90.0 89.6 90.0 
45 mTorr Tetragonal 3.905 3.905 3.994 90.0 90.0 90.0 
30 mTorr Tetragonal 3.905 3.905 4.013 90.0 90.0 90.0 
15 mTorr Tetragonal 3.905 3.905 4.041 90.0 90.0 90.0 
Bulk SRO Orthorhombic 3.923 3.922 3.923 90.00 89.62 90.00 
 
However, it should be considered whether the monoclinic symmetry can be 
transformed to orthorhombic or not. For the bulk SRO, the orthorhombic 
symmetry can be easily told from the pseudo-orthorhombic cell as shown in 
Fig. 3.6 (a), due to the equality of lattice parameters apc and cpc. For the SRO 







Figure 3.6 Two-dimentional schematic drawing of the relationship between 
pseudocubic unit cell and pseudo-orthorhombic unit cell of (a) bulk SRO, (b) 
monoclinic SRO film and (c) tetragonal SRO film. Viewed along bpc direction. 
Subscript pc stands for pseudocubic whilst o stands for pseudo-orthorhombic. 
 
remains monoclinic in the pseudo-orthorhombic unit cell as a consequence of 
the unequal apc and cpc (Fig. 3.6(b)). For the film deposited at 45 – 15 mTorr, the 
symmetry of tetragonal cannot be transformed further [actually is lowered with 
o ≠ 90° if viewed in pseudo-orthorhombic cell as shown in Fig. 3.6(c)]. 
In the following, efforts have been made to relate the changes in lattice 
parameters to the internal symmetry change, that is, the octahedral rotations 
(this is actually a consequence of variation in Ru-O-Ru angle). Based on the 
unit-cell lengths and unit-cell angles, the octahedral rotation pattern can be 
inferred. The relationship between the unit-cell lengths and rotation angles are 
described in the equations:
67
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[001] directions respectively. Of course, the effect of octahedral distortions has 
been ignored in this process. For the monoclinic SRO film, we have a situation  
where apc = bpc < cpc. Moreover, the pseudocubic lattice will tilt from the [001]pc 
axis (pc ≠ 90°) due to the different lattice constant ao and bo (see Fig. 3.6(b)). 






 satisfies all these conditions, 
corresponding to a space group P21/m (No. 11), which is consistent with the 
monoclinic symmetry. On the other hand, for the tetragonal SRO films we have 
a relationship apc = bpc < cc and αpc = βpc = γpc = 90°, which corresponds to a 











, in which the RuO6 only 
rotates around the cpc axis. This inference is reasonable: imagine the tetragonal 
situation as shown in Fig. 3.6(c), in order to allow the pseudocubic cpc to 
become considerably longer than apc and bpc, octahedral rotations about the two 
in-plane axes apc and bpc have to be significantly decreased or absent while the 
rotations around the cpc direction are maintained. In a word, what can be 
inferred from the structural parameters is that octahedral rotations in the 
monoclinic structured film have different patterns around the orthogonal 
in-plane axes while in tetragonal SRO phase only rotation about the film normal 
direction is present. However, direct experimental evidence is in demand to 
confirm such inference about the octahedral rotation pattern, which is 






3.3.3 Origin of the Structural Phase Transition 
The monoclinic structure was most frequently reported for the SRO film on 
STO substrate. In comparison, the tetragonal SRO phase has been only reported 
either in ultrathin films (t<7nm)
66
 or under tensile strain.
99
 The stabilization of 
tetragonal SRO phase on STO substrate at room temperature in thick films (t > 
50nm), to the best of my knowledge, has never been observed. To understand 
the low-temperature stabilization of the tetragonal SRO phase in oxygen 
deficient samples, the first-principles calculations of the energy of both 
monoclinic and tetragonal unit cell with and without oxygen deficiency were 
performed by VASP
119
 that may shed light on the structural phase transition.  
Firstly, the role of bond angles was investigated. Two different bond angles 
θ and Ω were employed to characterize the octahedral rotations about in-plane 
axes and out-of-plane axis respectively.
126
 Specifically, the angle of octahedral 
rotations about in-plane axes is defined as (180°-θ)/2, where θ is the bond angle 
of Ru-O-Ru along the z-axis. Similarly, the angle of rotations about 
out-of-plane direction (z-axis) is given by (90°-Ω)/2, where Ω is the angle 
among three oxygen ions between two corner-shared oxygen octahedra in the 







Figure 3.7 Schematic representation of the structure used for the first-principles 
calculations for SRO film. O(1) locates at SrO atomic plane whilst O(2) resides in the 
RuO2 plane. The atoms Ru, Sr and O are represented in blue, green and red colors 
respectively. 
 
During the calculations, four unit cells (20 atoms) were taken into account 
and the structural parameters used for the calculations are the structural 
parameters for the 100 mTorr sample and 30 mTorr sample obtained from the 
experimental results: a = b = 3.905 Å, c = 3.958 Å, α = γ = 90.0°, β = 89.5° for 
the monoclinic structure and a = b = 3.905 Å, c = 4.013 Å, α =β = γ = 90.0° for 
the tetragonal structure. Oxygen vacancies were not considered here in order 
to separate the role of bond angle from oxygen vacancies. The calculation 
results (Table 3.2) clearly show that the octahedral rotations about in-plane axes 
are reduced from 11° to 9.9°, while the rotations about out-of-plane directions 
are increased from 7.9° to 8.9° with the transition from monoclinic to tetragonal 





symmetry. The trend of the evolution of octahedral rotation from monoclinic to 
tetragonal structure is consistent with the conclusion in the previous section. 
Note that the bond angles and rotation angles shown in Table 3.2 were 
calculated without taking oxygen vacancies into account thus only serve as a 
reference but do not reflect the real situation. 
 
Table 3.2 Summary of the bond angle and octahedral rotation angle for monoclinic and 
tetragonal SRO films. Results were obtained from first-principles calculations. 
 
P (O2) Structure θ (180-θ)/2 Ω (90-Ω)/2 
100 mTorr Monoclinic 158 11 74.3 7.9 
30 mTorr Tetragonal 160.2 9.9 72.2 8.9 
 
Secondly, the oxygen vacancies were taken into account by taking one out of 
twelve O atoms away from the tetragonal unit cell. The structural parameters of 
the tetragonal unit cell were set to be the experimental results obtained from 
HRXRD. Oxygen vacancies at different positions were considered, with O(1) in 
the SrO atomic plane (along the cpc axis) and O(2) in the RuO2 atomic plane. It 
turns out that the unit cell has lower energy with O(1) vacancies than with O(2) 
vacancies. This preference of oxygen vacancy in the SrO plane significantly 
reduces the electron repulsion along that direction, which may result in an 
increased Ru-O-Ru bond angle along z-axis and a diminished octahedral 
rotation along in-plane axes.  
The simple geometrical view of the RuO6 octahedra in the monoclinic 





respectively. Figure 3.8(c) shows the Ru d-orbital splitting for the monoclinic 







. The former group is referred to as t2g, and the latter as eg. On the other 
hand, for the tetragonal structure with O(1) vacancy, there is a further energy 
splitting in Ru d-orbital, with dxz and dyz lower than dxy, and dz
2




(Fig. 3.8(d)) due to the decreased electron repulsion along z-axis. This leads to a  
 
 
Figure 3.8 The simple geometrical view of the RuO6 octahedra in (a) monoclinic SRO 
phase and (b) tetragonal SRO phase. The Ru-O-Ru bond angle θ along the z-axis is 
approaching 180° for the tetragonal phase. (c), (d) Energy splitting diagram of Ru 4d 
orbitals in the presence of an octahedral field (c) before and (d) after taking away one 
oxygen atom at the O(1) site. 
 
smaller energy gap between eg and t2g in the tetragonal SRO phase than the 





(shown in section 3.3.5) at the Ru L3-edges and L2-edges of SRO films.
127
 The 
lowered d-orbitals with z component (dxz, dyz, dz
2
) would cause the octahedra tilt 
towards z-axis, thus would make the Ru-O-Ru bond angle along z-axis close to 
the ideal 180° [Fig. 3.8(b)]. The geometrical change of the octahedra results in 
an elongated lattice constant cpc, thus facilitating the formation of the tetragonal 
phase. However, the oxygen vacancy alone would not generate the phase 
transition from monoclinic to tetragonal.  
 The instant result of oxygen vacancy is the unit cell expansion in all three 
directions because of the larger size of Ru ions due to their decreased positive 
charges. For SRO epitaxial films, it is not difficult to imagine that the location 
of oxygen vacancies depends on the strain. If the films are under compressive 
strain, the formation energy of oxygen vacancies along z-directions (or on the 
out-of-plane site) is lowered than that on the in-plane site as a consequence of 
the compressive in-plane strain. If the perovskite film is under tensile strain, on 
the contrary, the formation energy of oxygen vacancies on the in-plane site is 
lower than that on the out-of-plane site. For the case of SRO films on STO 
substrates, there are two fundamental forces that are related to the phase 
transition. First is the geometric mismatch between A- and B- site ions that 
kepps SRO in its bulk structure and prevents the transition from monoclinic to 
tetragonal. Second is the compressive in-plane strain that push the SRO across 





that compressive strain stabilizes the tetragonal phase). These two forces 
compete with each other and the final SRO phase depends on which force is 
more dominant. For SRO film without oxygen vacancy, the geometric ionic 
mismatch is dominant over the compressive in-plane strain, thus monoclinic 
phase is stabilized. In contrast, the presence of oxygen vacancy would weaken 
the geometric driving force because of a more loosed octahedral network. In 
another word, the oxygen vacancy enhances the effect of the in-plane 
compressive strain that favors the tetragonal phase. 
3.3.4 Magnetic Properties 
The effect of stoichiometry on the magnetization of SRO films was investigated. 
The moment was measured after the samples were cooled from room 
temperature to 5 K under a 100 Oe field applied normal to the film, as shown in 
Fig. 3.9. The ferromagnetic ordering temperature was estimated to be 140 K for 
samples grown in 200 mTorr and 100 mTorr, and was significantly decreased 
with the reduction in oxygen partial pressure. This result is in good agreement 
with the structural results, which show that the 100 mTorr and 200 mTOrr films 








Figure 3.9 Temperature dependence of magnetization curve for SRO films deposited 
under different oxygen partial pressures, taken after field-cooled from room 
temperature with applying 100 Oe field along out-of-plane direction. 
 
 The dependence of the magnetic properties on stoichiometry was also 
investigated by hysteresis loops (Fig. 3.10). All the loops are shown without 
subtracting the STO signal. It can be seen clearly that the squareness of the 
loops is highly improved with decreasing the oxygen pressure from 60 mTorr to 
45 mTorr. More remarkably, the coercive field was altered dramatically with 
varying the oxygen partial pressure. It was found that the coercive field of the 
film grown in 30 mTorr is as large as 2 Tesla, almost 4 times that of the one 
grown in 100 mTorr (see Fig. 3.11), probably originating from the structural 
phase transition as discussed in the previous sections. 
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Figure 3.10 Hysteresis loops obtained at 5K for SRO films grown under different 










Figure 3.11 Dependence of coercive field on oxygen pressure at which the SRO films 
were grown. 
 
In the following, the samples grown in 60 mTorr oxygen and 30 mTorr 
oxygen were chosen to be representative of monoclinic phase and tetragonal 
phase for the detailed magnetic property studies. As shown in Fig. 3.12(a), the 




Figure 3.12 Magnetic hysteresis loops obtained at 5K along three principle axes for (a) 
60 mTorr-grown SRO film and (b) 30 mTorr grown SRO film. 























The Hc of 30mTorr one is
almost 4 times that of the 
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 being the hard axis, consistent with the previous reports 
on the single domain epitaxial SRO thin films.
101, 128
 The magnetization data 
was normalized to avoid the measurement artifacts. The cause for the in-plane 
anisotropic magnetic properties has been attributed to the difference in the 
in-plane octahedral rotation pattern, which breaks the symmetry along the 
orthogonal in-plane directions.
101
 However, the relationship between the 
rotation pattern of the octahedra and the magnetic anisotropy in SRO has not 
been distinctly described. According to our study, the octahedra rotate in-phase 
around the magnetically hard direction [010], whereas the octahedra display an 
out-of-phase rotation about the [100] and [001] directions that are magnetically 
easier as shown in Fig. 3.12(a). On the other hand, the SRO film grown in 30 
mTorr oxygen shows little hysteresis and the moments are almost superposed 
along the two orthogonal directions [100] and [010] (Fig. 3.12(b)), which is in 
good agreement with the tetragonal symmetry. In comparison, the 
magnetization measured along the out-of-plane direction shows large hysteresis 
and is square-shaped, implying that this tetragonal film has a large 
perpendicular uniaxial magnetic anisotropy with the four-fold axis being the 
easy axis (Fig. 3.12(b)). 
The magnetic properties were further investigated by calculating the unit cell 
                                                 
*
 The direction [010] mentioned here refers to the bpc axis, which is perpendicular to apc 





energy as a function of the orientation of the magnetic moments. The total 
energies of the unit cell with different magnetization directions were calculated 
and compared to determine the easy axis. Note that the minimum unit cell 
energy in both monoclinic and tetragonal cases was set at zero. For the case of 




Figure 3.13 Anisotropy energy (Eanis) for (a) 60 mTorr-pressure grown film and (b) 30 
mTorr-pressure grown film along different directions. The data obtained by 
first-principles calculations was shown in black dot and was fitted by red dash. Note 
that in panel (b), the black line indicates the unit cell energy with moment along [001] 
direction. 
 
shown in Fig. 3.13(a) with energy minimum in the [-102] direction, indicating 
that the film exhibits uniaxial anisotropy with the single easy axis at ~ 27 
relative to the film normal ([001] axis). This direction of easy axis is in 
agreement with the result reported by Yoo et al.
107
 As for the 30 mTorr-pressure 
grown film, the oscillation of the unit cell energy with moments in the film 
plane can be well described by the square root of sine function (dot dashed 
curve in Fig. 3.13(b)). The unit cell energy with [001] oriented magnetization 


















































































however, is substantially lowered from the other directions, indicating that the 
out-of-plane direction is the easy axis, consistent with experimental data shown 
in Fig. 3.12(b). 
The values of magnetic anisotropy constant Ku can be also determined from 
first-principles calculations. The magnetic anisotropy energy due to the 
spin-orbit coupling is determined by the force theorem, and calculated based on 
the energy difference between the easy axis and hard axis by using the formula 
Ku = (Emax – Emin) / volume. The anisotropy constant Ku of the 100 
mTorr-pressure grown sample was calculated to be ~1.19  107 erg/cc, close to 
the previous reported value of ~1.2  107 erg/cc,103 while the Ku value of the 
30mTorr-pressure grown sample was calculated to be ~1.21  108 erg/cc, which 
was one order of magnitude higher. This large value of Ku indicates a giant 
perpendicular magnetic anisotropy in the tetragonal SRO film, which matches 
well with the experiment result. 
3.3.5 Electrical Transport Properties and Electronic Structure 
In addition to the magnetic properties, electrical transport properties are also 
largely affected by the oxygen vacancies. The temperature dependence of 
resistivity for different samples is shown in Fig. 3.14. The effect of oxygen 
vacancies on the electrical transport properties was first studied from the 
aspect of disorders. The FWHM (full-width at half maximum) values of the 







Figure 3.14 Temperature dependence of resistivity of SRO films grown in oxygen 
partial pressures of 100 mTorr (blue dotted line), 30 mTorr (red solid line) and 5 mTorr 
(black dashed line).  
 
 
Figure 3.15 XRD θ-2θ scans of SRO thin films grown at various oxygen pressures. 
Note that the short black verticals indicate the SRO (002)pc peak positions, and “*” 
indicate the small peaks coming from the SrTiO3 substrates. Insets are the rocking 





for films grown in 100 mTorr, 30 mTorr and 5 mTorr respectively, indicating 
an increased density of microstructural disorders with lowering the oxygen 
partial pressures. 
The increasing microstructural disorders with lowering the oxygen partial 
pressures could also be inferred from the temperature dependence of the 
resistivity ρ(T). The mean free path of carriers l is estimated from   
                , where  is the conductivity, n is the carrier 
concentration, e is the charge of an electron,  is the relaxation time (the time 
between collisions), m* is the effective mass of the electron, λF is the electronic 
Fermi wavelength, and h is the Planck’s constant. For the samples grown at 
100 mTorr,              determined from Hall measurement 
(comparable to others’ report129),         ,
130
 and                  
at 5 K. So the mean free path of 100 mTorr-grown film is         at 
low temperature. The mean free path is even shorter for the lower-pressure 
grown films due to the higher concentration of microstructural disorders. 
Therefore, the mean free path of all the samples is comparable to    at low 
temperature, fulfilling the situation where a quantum corrections to 
conductivity (QCC) should be included.
93
 As seen, with reducing the P(O2), 
there is a shift of resistivity minima towards higher temperature as a result of 
the reinforcement of quantum corrections in samples with more 





In addition to the resistivity upturn temperature (indicated by Tmin), the 
index n has also been considered as an indicator for the disorder,
131
 
          
 .                   (3.2) 
In order to obtain the correct exponent n, the method of least squares is 
used to fit the resistivity data at a temperature range of 50K < T < 90K to 
avoid any influence from the quantum effects. Figure 3.16 (a) – (c) show 
fittings to Eq. (3.2) corresponding to 100 mTorr-, 30 mTorr-, 5 mTorr- 
pressure grown films respectively. The deviation plot is shown in Fig. 3.16 
(d)-(f), where                         is plotted as a function of 
temperature by varying the index n. As seen, the optimized exponent n to 
minimized     is n = 1.6, 1.9 and 2.3 for SRO films grown at 100 mTorr, 30 
mTorr and 5 mTorr respectively, indicating that disorders are more populated 










































Figure 3.16 Panel (a)-(c) show the fitting of      to Eq. (3.2). Panel (d)-(e) show the 
deviation of the fitting for different values of the power-law index n. 
 
Besides, there is a suppression of the temperature dependence of the 
resistivity with increasing disorder, which is consistent with the theoretical 
prediction
132, 133
 and opposite to some reports that the slope of ρ(T) increases 
with disorder.
62, 131
 In the microscopic model, which have been suggested by 
Kumar and Majumdar,
132
 a “two fluid” framework is proposed, where there 
are localized states of a fraction f and delocalized states of the remaining 
distribution (1-f) near Fermi energy. When increasing temperature, the fraction 
of localized states decreases due to the thermal induced detrapping or 
delocalization of localized states thus improving the conductivity. Therefore, 




































































the presence of structural disorder, which causes an increase in localized states, 
would suppress the temperature dependent increase of resistivity. This model 
could be applied to strongly coupled electron-phonon systems. Considering 
the strong electron-phonon coupling in SRO,
134
 this model well explains the 
decreased slope of ρ(T) (Fig. 3.14) in oxygen lower-pressure grown SRO films 
with stronger disorder than their counterparts. 
However, the most noticeable observation in Fig. 3.14 is the reduction in 
ambient resistivity with lowering P(O2), in spite of the stronger disorders that 
usually deteriorate the transport properties. The conductivity of the 
lower-pressure grown films surpass the 100 mTorr-grown film quickly with 
increasing temperature, at ~110K for the 30 mTorr-grown film and at ~50 K 
for the film grown in 5 mTorr oxygen. This improvement in conductivity was 
correlated with the electronic structures modified by the oxygen vacancies. 
The electronic structures of these SRO films were investigated by the XANES 
measurement at room temperature at Ru L3(L2)-edges as shown in Figs. 3.17(a) 
and 3.17(b). The observed bimodal A-B feature structure is a result of the 
electron transition into Ru 4d final states, with the A (B) features associated 
with t2g (eg) final hole states. For all the SRO films grown in various oxygen 
partial pressures, the A (corresponding to 2 t2g holes) feature is an unresolved 
shoulder on the low-energy side of the B (due to 4 eg holes) feature, which is 











modified significantly as was verified by the clear red shift (~0.5 eV from 100 
mTorr to 5 mTorr) of the peak position of the B feature (eg) at both L3- and 
L2-edges. The red shift of eg orbital indicates an even stronger hybridization 
between Ru eg and O 2p orbitals,
135
 therefore an enhanced bandwidth leading 
to a better conductivity in the tetragonal films with more oxygen vacancies. 
First-principles calculations were also performed to study the electronic 




Figure 3.17 (a) Ru L3-edges and (b) Ru L2-edges of SRO films grown in 100 mTorr 
(blue dotted), 30 mTorr (red solid) and 5 mTorr (black dashed) oxygen. Note that A and 
B feature ranges associated respectively, with the t2g and eg final states. 
the former situation one out of twelve O atoms was taken out from the 
tetragonal unit cell, while for the latter all the O atoms in the monoclinic unit 
cell were included. The structural parameters for the tetragonal and 
orthorhombic unit cells were set to be the experimental data of 30 mTorr- and 
100 mTorr-grown films respectively. The calculations yielded a spin moment of 





experiment values of 1.1-1.6   
136-138
 and close to others’ calculation of 1.59 
  .
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Figure 3.18 (a) Ru-site-projected and (b) O-site-projected partial electronic density of 
states (DOS) of SRO films with and without oxygen vacancies (VO). Black solid line 
corresponds to orthorhombic structure without VO and red solid line corresponds to 
tetragonal structure with VO. 
projected density of states (DOS) of SRO films with (red solid curve) and 
without (black solid curve) VO. Compared to the partial DOS in monoclinic 
structure (without VO), the tetragonal structure (with VO) exhibits a much 
enhanced Ru dz
2 – projected and O pz – projected DOS near EF which is 
indicative of a stronger orbital overlap between these orbitals. In order to 





DOS of monoclinic and tetragonal structures were calculated, both without VO. 
It turned out that the DOS of these two structures were almost the same. On 
the other hand, the DOS with and without VO were calculated by fixing the 
structure to be tetragonal. In this case, the DOS with and without VO differs 
much in the Ru dz
2 – projected and O pz – projected DOS, which is similar to 
the DOS as shown in Figs. 3.16(a) and 3.16(b). Therefore, the enhancement of 
orbital overlap of Ru dz
2 with O pz was mainly attributed to the oxygen 
vacancies instead of structural symmetry change. This enhancement of orbital 
overlap widens the band at which EF cut off and increases the density of states 
near EF, thus giving rise to an improved conductivity in the tetragonal SRO 
films with oxygen vacancies, especially in the high-temperature region where 
the disorder scattering effect is negligible. 
In addition to the oxygen vacancies, Ru vacancies could also drastically 
affect the electronic structure and transport properties of SRO films. It was 
reported that the room temperature resistivity increased systematically with 
the amount of Ru vacancies.
123 
There are reports on the formation of Ru 
vacancies by reducing the oxygen partial pressure and that the low-pressure 
grown film showed a higher resistivity,
140, 141
 which is at odds with our 
observations that the low-pressure grown film exhibited a lower resistivity at 
room temperature. This difference could be attributed to the different type of 





while in our case oxygen vacancies were formed. The formation of Ru 
vacancies or O vacanies might be sensitive to the synthesis condition (e.g., 
deposition temperature). 
The anisotropy of conductivity was investigated by applying the electric 
current along the two orthogonal in-plane directions [100] and [010]. Notable 
difference was observed when the current was applied along [100] and [010] 
directions for the 60 mTorr – pressure grown film [see Fig. 3.19(a)]; while the 
30 mTorr – pressure grown film exhibited exactly the same conductivity along  
 
  
Figure 3.19 Temperature dependence of resistance along two orthogonal directions 
[100] (black curve) and [010] (red curve) for (a) 60 mTorr-grown film and (b) 
30mTorr-grown film. 
the orthogonal in plane axes [Fig. 3.19(b)). This finding is in good agreement 
with the magnetic anisotropy result, which sheds light on the 
monoclinic-to-tetragonal structural phase transition. 
3.4 Summary 
In this chapter, we report an oxygen stoichiometry-dependent structural 
phase transition in the SRO films on SrTiO3 (STO) (001) substrates. At room 
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temperature, the films grown in PO2 ≤ 45 mTorr have a tetragonal crystal 
structure, while those grown in PO2 ≥ 60 mTorr exhibit a monoclinic structure. It 
is found that the compressive in-plane strain, which lowers the formation 
energy of the oxygen vacancies along the z-axis, is the origin of the monoclinic 
to tetragonal phase transition. From the magnetic hysteresis loops, we find that 
all the monoclinic films show in-plane anisotropic magnetic properties while 
the tetragonal samples do not. 
The oxygen stoichiometry also has influential effect on the electronic 
structure and transport electrical properties. In spite of microstructural 
disorders, a considerable improvement in the conductivity was observed at 
ambient temperature with increasing the oxygen vacancies. This is probably 
due to the enhanced orbital overlap between Ru dz
2
 and O pz orbital in oxygen 
deficient samples. In addition, the high-pressure grown film with low 
concentration of oxygen vacancies has different resistivity along the two 
orthogonal in-plane axes while the low-pressure grown film with more oxygen 
vacancies exhibits no anisotropy of conductivity. 
These observations suggest that the anisotropy of magnetic and electrical 
properties of SRO films has a close relationship with their structural symmetry. 
In SRO films, both bond angles and bond lengths are altered by oxygen 
vacancies and thus both octahedral rotations and deformations are necessary 





However, it is the octahedral rotations that dominate the symmetry for the vast 
majority of perovskites unless the octahedral distortion is extremely huge. In 
the following chapter, the octahedral rotations of both monoclinic and 
tetragonal SRO films were investigated thoroughly by the technique of 






CHAPTER 4 Control of Octahedral Rotations and 
Physical Properties in SrRuO3 Films by Varying 
Oxygen Content and Film Thickness 
4.1 Introduction 
Control of octahedral rotations in the ABO3 perovskite oxides has been of 
great interest due to its potential in rationally discovering and designing new 
multifunctional phases. In this chapter, we successfully stabilize the 






 in SRO films on STO substrate 
through the intentional introduction of oxygen vacancies and the interfacial 
coupling of the film’s octahedra with that of the substrate. The octahedral tilt 












 concomitant with the monoclinic to 
tetragonal structural phase transition. Half-integer reflections were utilized to 
determine the octahedral tilt system. We observe that increasing film thickness 







whereas decreasing film thickness and oxygen partial pressure resulted in the 






 tilt. Physical properties further confirmed the 
monoclinic-to-tetragonal phase transition. The monoclinic phase has easy axis 
between [001] and [100] directions while the tetragonal phase has the uniaxial 
magnetic easy direction along the four-fold axis normal to the film plane. In 





in-plane directions whilst the tetragonal phase exhibits the same in-plane MR. 
The results highlight the ability to control the octahedral rotations and physical 
properties in perovskite oxide films via oxygen vacancies and interfacial 
coupling, which is a promising strategy to further expand the functionalities in 
perovskites. 
4.2 Experimental 
Epitaxial SRO (001)pc films were deposited on STO (001) substrates by PLD. 
The substrate temperature was fixed at 450°C. After deposition, all the films 
were cooled down to room temperature at 20 K/min. SRO films with different 
oxygen content and different film thickness were achieved by varying oxygen 
partial pressure and laser pulse number respectively. 
The crystal structures and the octahedral rotation patterns of SRO film were 
determined by HRXRD. The octahedral rotation patterns were determined from 











The temperature dependence of magnetization and hysteresis magnetization 
were measured along different crystalline directions. The MR measurement 
was performed by a linear array 4-point probes method. During the 
measurement, the temperature was kept at 2K and the samples were rotated 
under a 4 Tesla magnetic field so that the field angle dependence of MR can be 






4.3 Results and Discussion 
4.3.1 Crystal Structures 
The SRO thin films were grown under the oxygen partial pressure of 30 
mTorr, 60 mTorr and 100 mTorr, respectively, on STO (001) substrates. The 
film thickness was varied from 6 nm to 80 nm. XRD θ-2θ scans show only the 
00l peaks from SRO film and STO substrate, confirming the epitaxial growth of 
the films.  
 
 
Figure 4.1 (a) X-ray diffraction pattern of (a) ~ 10 nm SRO thin films deposited under 
various oxygen partial pressures, (b) SRO films grown in 60 mTorr oxygen with 
different thicknesses. Subscript pc stands for pseudocubic unit cell. 
 
In Fig. 4.1(a), the presence of Laue oscillations around the SRO 002 peak 
ensures the good crystallinity and smooth surfaces (or interfaces) of both 
oxygen sufficient and deficient film. Similarly, Laue oscillations are also 
observed in films with different thicknesses (Fig. 4.1(b)). These clear 





thickness by formula:  
                    ,                   (4.1) 
where t is the film thickness,      is the lattice constant of STO substrate and 
   is the interval between the two neighboring oscillations. Besides, the shift 
of SRO 002 peak towards lower L value indicates that the out-of-plane lattice 
spacing d001 increases with either decreasing oxygen partial pressure or film 
thickness, implying that the crystal structure is highly dependent on both the 
oxygen content and film thickness. 
The crystal structure of SRO films with varied thickness and oxygen partial 
pressure was studied by HRXRD. Similar to the effect of oxygen content, it 
turns out that the film thickness also has influential effect on the structural 
phase transition in SRO films. Take the SRO film fabricated in 60 mTorr 
oxygen for example. The SRO film displays a monoclinic structure at a 
thickness of 60 nm whilst ultrathin film (~ 7nm) grown at the same oxygen 
partial pressure of 60 mTorr exhibits a tetragonal structural symmetry. 
4.3.2 Identification of Octahedral Rotations 
Half-integer reflections are required in order to confirm the octahedral 
rotation pattern of the monoclinic SRO phase and to identify the rotation pattern 
of the tetragonal phase. According to Glazer,
67
 half-integer reflections are 
produced as a consequence of the tilting of the octahedra. These reflections 





(main reflections) are indexed with all hkl even on the doubled cell 2apc × 2bpc 
× 2cpc. The in-phase (+) tilt and out-of-phase (-) tilt can be distinguished easily: 
½ odd-odd-even type of reflections are produced by + tilts, whilst ½ 
odd-odd-odd reflections are produced by - tilts. The relationship between the 
type of tilt (+ or -) and the measured half-integer reflections are summarized in 
Table 4.1.
67
 Based on a set of L-scans for (
1










/2 L), we are able to determine the octahedral rotation pattern and thus the space 
group of the SRO film (note that the number of measured reflections were 
limited by the experimental setup of the four-circle diffractometer from the 
geometrical consideration). 
 
































































































In Fig. 4.2(a), the 60 nm film deposited in 60 mTorr oxygen (it exhibits 
monoclinic structure determined from the lattice parameter measurements) 
































/2. From the presence or absence of the half-integer 





Table 4.1. Firstly, b
+









peaks and this rules out the possibility of b
-
 tilt. Secondly, a
-













/2 peaks considering the absence of b
-
 tilt. Finally, 






/2 peak indicates the existence of c
-





/2 2 peak excludes the possibility of c
+
 tilt. Note that 0 
1
/2 1 peak, which 





these reflections the rotation pattern for the monoclinic structure can be easily 






 if only considering the sense of rotation, with 
out-of-phase tilts about a and c axes and in-phase tilts about b axis. Now let’s 
see if this tilt system can be further simplified if concerning the magnitudes of 
rotations. In bulk SRO with rigid octahedra, the equality of any two tilt angles 
results in the same unit cell length along that two particular axes due to the 
nearly uniform bond lengths. In strained SRO films however, both octahedral 
distortions and rotations are present to accommodate the epitaxial strain.
126
 
Therefore, the same lattice parameters apc and bpc of the monoclinic structure 
(inferred from the same horizontal position of SRO and STO in {204} 
mappings) does not necessarily indicate the equal magnitude of the tilts about 

















/2 peak as 
shown in red curve in Fig. 4.2(a), indicating the presence of + tilt about [100] 













Figure 4.2 Half-integer reflections of SRO films for (a) 60 mTorr - 60 nm film, (b) 30 
mTorr -80 nm film, (c)100 mTorr - 9.6 nm film, and (d) 60 mTorr - 6.8 nm film. The 













 tilt system is clearly 
shown. The out-of-phase and in-phase rotations are indicated by blue circles and red 







tilt that is essentially the same with but is perpendicular to the major domain. 












 domains is more noticeable for the 









/2 peak corresponding to in-phase (+) tilt about [100] axis. This indicates the 













tilt in this monoclinic thin film.  
The schematic diagram of the RuO6 octahedral rotations of this monoclinic 
unit cell is shown in Fig. 4.2(e) (blue circles represent out-of-phase rotations 
whilst red circles represent in-phase rotations). The signs of the tilts are 
important for determining the unit-cell angles. According to Glazer,
67
 any two 
- tilts indicate that the two relevant axes are inclined to each other whilst any 
two + (or 0) tilts, or one + (or 0) and one - tilt mean that the relevant cell axes 






 has b axis normal to the other two axes 
whilst the a axis is inclined to c, meaning that the angle β between a and c is 
unequal to 90°, which is consistent with the unit-cell angles determined from 
the lattice parameter measurements mentioned above. 
For the 80 nm film deposited in 30 mTorr oxygen and ultrathin (<10nm) 
film deposited in lower-than-60mTorr oxygen (both of them have tetragonal 

































implies that neither + tilts nor - tilts exist about the in-plane axes a and b, 























 is immediately 
suggested. The tetragonal unit cell with such rotation pattern is clearly 
illustrated in Fig. 4.2(f), with no tilts about the two in-plane axes and 
out-of-phase rotations about the [001] axis. The two equal in-plane lattice 
parameters apc and bpc are normal to each other and are both normal to cpc 
inferred from the signs of “0” and “-”. The space group of this tilt is F4/mmc 
and, being tetragonal, is in agreement with the measured unit-cell geometry. 
4.3.3 Control of Octahedral Rotations 
 In order to control the rotations of octahedra in SRO films, we studied the 
effect of oxygen partial pressure and film thickness on the octahedral rotations. 










/2 L) are utilized to 







/2 reflections are produced by a
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/2 peaks respectively. In Fig. 4.3(a), 4.3(b) and 4.3(c) 






/2 reflection appears in 
samples deposited in different oxygen partial pressures, indicating that the c
-
 



















 tilts only persist in high-pressure-grown monoclinic samples, 
whereas they are forbidden in oxygen deficient films that are tetragonal. 
Therefore, it can be concluded that by reducing the oxygen content in SRO 
film, the octahedral rotations around in-plane axes are suppressed while the 




Figure 4.3 Half-integer reflections for (a)- (c) SRO films with ~10 nm thickness and 
varied oxygen content, and (d)- (f) SRO films with same oxygen content and different 
thicknesses. The observed half-integer peaks arise from (a), (d) a
-
 tilts about [100] axis, 
(b), (e) b
+
 tilts about [010] axis, and (c), (f) c
-




/2 L) and 
(
1
/2 0 L) L-scans exhibit reduced intensity of the half-integer peaks with decreasing the 
oxygen partial pressure or film thickness, indicating the suppressed octahedral tilts 





Similar to the effect of oxygen content, film thickness also plays a crucial 
role in determining the octahedral rotations. Figure 4.3(d) – 4.3(f) show the 
thickness dependent octahedral rotations around the in-plane and out-of-plane 
directions, respectively. All the films were deposited at the same oxygen 
partial pressure of 60 mTorr. It is shown in Fig. 4.3(f) that the octahedral 














peak gradually disappear with the decrease in film thickness (in Fig. 4.3(d)), 
indicating that the octahedral rotations along a axis are gradually diminished, 
possibly due to the enhanced interfacial coupling of octahedral rotations in 
ultrathin films (as discussed below). The b
+





/2 peak in Fig. 4.3(e), also shows the similar suppression by reducing 
the film thickness. 
In order to have an overall understanding of the structural phase transition 
with varied oxygen content and film thickness, we show the evolution of 
octahedral tilts in a single figure, demonstrated by the intensity variation of 
half-integer reflections. However, the absolute intensities of the half-integer 
reflections are dramatically different if measured at different times of the day, 
since the beam current may decay from 200-300 mA in the day to less than 
100 mA at night in the decay operation mode. Therefore, we used ratios of 







Figure 4.4 Evolution of the octahedral tilts with oxygen partial pressure and film 
thickness. (a) The octahedral rotations about [100] axis transit from out-of-phase 
(denoted by a
-
) for monoclinic phase to no rotation (denoted by a
0
) for tetragonal 
phase with the reduction in oxygen content and film thickness. (b) The octahedral 
rotations about [010] aixs change from in-phase (denoted by b
+
) for monoclinic phase 
to no rotation (denoted by a
0
) for tetragonal phase with the decrease in oxygen 
content and film thickness. The ratios of I1/2(113)/I1/2(133) and I1/2(103)/I1/2(133), were used 
to follow this tilt transition, as reflected by the color conversion from magenta to 
blue. 
 
reveal the evolution of octahedral tilts.  
The values of these two indices are displayed in colors generated by 
interpolation from blue to magenta. Blue color represents the absence of tilts 
about in-plane axes whilst magenta suggests the persistence of octahedral tilts 
about in-plane direction. As illustrated in Fig. 4.4(a) and 4.4(b), the octahedral 




) versus along out-of-plane axis (c
-
) are 
significantly suppressed with the combined effects of decreasing the film 
thickness and reducing the oxygen partial pressure. The transition of 












 tilt is indicated by a dotted line, 
implying the phase transition from monoclinic to tetragonal structure, as 

















 tilt in SRO film can be 
understood as follows. In our stoichiometric SRO films without oxygen 







 as is observed in the films grown at 100 mTorr. With 
decreasing the oxygen partial pressure, oxygen vacancies are introduced in 
SRO films. While the ordering of oxygen vacancies in perovskite films is 
largely dependent on the strain state,
142-144
 the oxygen vacancies in our grown 
SRO films on STO substrate prefer to sit in the SrO atomic plane rather than 
RuO2 plane.
145
 Therefore, the octahedral tilts in the equatorial plane (shown in 
Fig. 4.5 (a)) are hardly changed while the tilts in the apical plane (shown in 
Fig. 4.5 (b)) are dramatically affected. The missing of oxygen ions at the 
octahedral apex (see Fig. 4.5 (b)) increases the Ru - Ru repulsion along c axis, 
which results in suppressed or even absent rotations of octahedra about a and 












 tilt with decreasing 





 that the structural 
coupling across heterointerfaces also has profound influence on the octahedral 
tilts. The coupling of octahedra across the interface between the film and 
substrate is schematically shown in Fig. 4.5 (c) and 4.5 (d) and could be 







Figure 4.5 Effects of oxygen vacancies on octahedral tilts in the a) equatorial plane and 
b) apical plane in SRO films. (a) Octahedral tilts about c axis are sustained while (b) the 
preference of oxygen vacancy (VO) in the SrO atomic plane results in a suppressed 
octahedral tilt about a and b axes. (c), (d) Schematics of the interfacial couping of 
oxygen octahedra across an interface between two perovskite oxides. (c) The octahedra 
of SRO are kept tilted when grown on tilted perovskite substrate, while (d) the 
octahedra rotations are suppressed when deposited on untilted perovskite such as STO. 
The octahedra of SRO film are in blue while the octahedra of the substrates are in pink. 
 
the tilts in the substrate to be transferred across the interface and propagate 







 tilt), the interfacial coupling imposes a force that tends to 
suppress the octahedral tilts about a and b axes in SRO film. Although the 
interfacial coupling is the same regardless of film thickness, the thinner SRO 
films would probably be more vulnerable to the geometric constraint from the 
substrate. Consequently, the octahedral rotations about a and b axes are 











 tilt is 
stabilized in thinner films, where the interfacial coupling becomes more 
dominant. 
4.3.4 Control of Physical Properties 
 In the following we show how the physical properties are coupled to the 
dramatically different octahedral rotation patterns present in the monoclinic 
and tetragonal phases respectively. 
Figure 4.6 shows the temperature dependence of the magnetization curves 
of monoclinic and tetragonal films, which are thick or thin, oxygen deficient 
or sufficient. We find that all the monoclinic films have in-plane uniaxial 
anisotropy possibly resulting from the different rotation patterns about a and b 
axes (Fig. 4.6(a) and 4.6(b)). This in-plane anisotropy is in agreement with 
previous results
114
 and can be easily understood from the rotation pattern that 
the opposite sign of tilts in monoclinic phases breaks the symmetry along the 
orthogonal in-plane directions, with the octahedra rotate in-phase about the 
magnetically hard direction [010]. 
Note that the magnetization along hard axis [010] in Fig. 4.6(b) slightly 
increases compared to that in Fig. 4.6(a). This is possibly due to the presence 













 tilt) but is different in orientation. The coexistence of these two 










Figure 4.6 Temperature dependence of magnetization curve taken after field-cooled 
from room temperature with the application of a 100 Oe magnetic field. (a) and (b) 
show the in-plane magnetic anisotropy for monoclinic SRO films while (c) and (d) 
exhibit the perpendicular uniaxial anisotropy, which matches well with the structural 
symmetry of octahedral tilts. 
 





/2 peak suggests the existence of + tilt about [100] axis that 
corresponds to the minor domain. For the tetragonal SRO phases, on the other 
hand, we observed a uniaxial magnetic easy axis along the film normal 
direction (Fig. 4.6(c) and 4.6(d)). This perpendicular magnetic anisotropy 







 and can be readily interpreted by the same octahedral tilts about 
in-plane axes and the only sustained octahedral rotations about the c axis, as 
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illustrated in Fig. 4.2(f). 
The magnetic anisotropy of the SRO monoclinic and tetragonal phases can 
also be investigated by the electrical transport measurements under the 
application of magnetic field. To investigate the magnetic anisotropy of both 
monoclinic and tetragonal phases, we measured the angle dependent MR 
under 4 T magnetic field applied in the (100) plane as well as in the (010) 
plane. The currents were kept normal to the magnetic field all throughout the 
measurement. The field angle θ is defined as shown in the inset of each figure. 
For SRO material that has strong magnetic anisotropy, the magnetic moment 
does not follow the change of direction of the applied magnetic field. The 
magnetization reversal immediately takes place once the angle between the 
field and the easy axis exceeds 90°, resulting in jumps or peaks in MR. 
Figure 4.7(a) and 4.7(b) present the field angle dependence of MR for the 
60nm monoclinic film with the application of magnetic field in the (100) plane 
and (010) plane respectively. Clear peaks are observed in Fig. 4.7(a) with the 
hysteresis in the clockwise and anticlockwise field rotations after every 180° 
in θ. Note that the center of the hysteresis are seen at ±90° in θ, revealing that 
the moment is along the [001] direction with θ=0°. This indicates that the 
magnetic moment of the monoclinic film is confined in the (010) plane, which 
is consistent with the magnetization measurement (Fig. 4.6(a) and 4.6(b)) that 










Figure 4.7 Magnetic field angle θ dependence of magnetoresistance (MR) for the (a), 
(b) 60nm film deposited in 60 mTorr oxygen, (c), (d) 6.8nm film deposited in 60 
mTorr oxygen, (e), (f) 9.6nm-film deposited in 100 mTorr oxygen and (g),( h) 9 
nm-film deposited in 30 mTorr oxygen. The currents were kept perpendicular to the 
magnetic field all through the measurement. In (a), (c), (e) and (f), the currents were 
applied along [100] direction and magnetic field were rotated in the (100) plane. In 
(b), (d), (f) and (h), the currents were applied along [010] direction and the magnetic 
field were rotated in the (010) plane. The definition of the field angle is shown. 
 
dependent MR by rotating the magnetic field in the (010) plane in order to 
determine the direction of the magnetic easy axis. In Fig. 4.7(b), we see clear 
jumps in MR due to the field-induced magnetization reversal at every 180° in 
θ, revealing the uniaxial magnetic anisotropy of the monoclinic film. 
Hysteresis is observed with the jumps in the clockwise and anticlockwise 
rotations of the magnetic field, revealing the strong magnetic anisotropy of the 
film. The center of the hysteresis in the clockwise and anticlockwise field 
rotations lies at 60° and 120° in θ, implying that the hard axis lies 60° and 120° 
away from the surface normal, consistent with the earlier work
114
 on the 
magnetic anisotropy of SRO films. This indicates that the monoclinic film has 
the uniaxial magnetic anisotropy with the easy axis ~30° away from the 
out-of-plane direction [001] towards the [100] direction. The easy axis angle α 
is given in the inset of Fig. 4.7(b) and is close to the previously reported value 
of 27°.
107
 The significant difference between the MR measurement in the (100) 
plane and (010) plane indicates that the monoclinic phase displays an in-plane 
uniaxial magnetic anisotropy which is consistent with the magnetization 





octahedra. For the monoclinic 100mTorr-9.6nm-film, there are two sets of 
hysteresis with sharp jumps as shown in Fig. 4.7(e), the centers of which are 
indicated by black dash and blue dash respectively. This is due to the 












 tilt, as is demonstrated in Fig. 
4.2(c). 
For the tetragonal film in which both [100] and [010] are hard axes, we are 
able to determine the easy axis by applying the magnetic field either in (100) 
plane or in (010) plane. Figure 4.7(c) presents the field angle dependence of 
MR under a 4 T magnetic field in the (100) plane for the 6.8 nm-thick 
tetragonal film deposited in 60 mTorr oxygen. MR shows peaks in the 
clockwise and anticlockwise field rotations due to the field-induced 
magnetization reversal. From the center angle of the peaks in the clockwise 
and anticlockwise field rotations which lies at 90° in θ, the easy axis angle α 
is determined to be at 0° in θ. In addition to this measurement with the field 
applied in (100) plane, we also performed the angle dependent MR 
measurement by applying the field in (010) plane. In contrast to the 
monoclinic film, the 6.8 nm-thick tetragonal film displays identical angle 
dependent MR curves with the magnetic field rotated in the (100) plane and in 
the (010) plane (see Fig. 4.7(c) and 4.7(d)). This identity is in agreement with 
the superposed magnetization curves along [100] and [010] directions, further 





Similar angle dependent MR curves were observed in Fig. 4.7(g) and Fig. 4.7(h) 
for the 30mTorr-9nm-film that exhibits tetragonal structure. 
The field angle dependence of MR for other samples was also investigated. 
The result showed that the monoclinic film has the easy axis 30° tilted from the 
film normal direction whilst the tetragonal film exhibits the easy axis along the 
out-of-plane direction. This indicates that the octahedral rotations play a 
significantly role in determining the structural symmetry and thus the magnetic 
anisotropy in SRO film. One possible mechanism responsible for the 
connection between the octahedral rotations and magnetic anisotropy is the 
orbital overlap. In SRO, the magnetic coupling depends on the overlap between 
the Ru 4d orbitals. Octahedral rotations of out-of-phase type or in-phase type 
have different effect on the orbital overlap.  
For the monoclinic SRO phase, the octahedral rotation is in-phase around 
the magnetically hard direction [010], whereas the octahedra displays an 
out-of-phase rotation about the [001] and [100] directions which are 
magnetically easier. This contradicts the results published by Boschker et al.
147
 
for La0.67Sr0.33MnO3 (LSMO) thin films. That study showed that the magnetic 
easy axis is along the direction where the octahedra are rotated in-phase. This 
contradiction could be understood from the different orbital overlap in Mn ions 
and Ru ions. Different from the LSMO thin films,
147
 the magnetic coupling in 





Figure 4.8 shows the effects of the in-phase or out-of-phase octahedral 
rotations on the overlaps between the Ru1 dxz orbital and the t2g orbitals (dxy, dyz 
and dxz) of Ru2. Ru2 is adjacent to Ru1 along the y direction. Compared to the 
in-phase octahedral rotation, the out-of-phase octahedral rotation reduces the 
overlap between Ru1 dxz and Ru2 dxz orbital (left panel in Fig. 4.8) but enhances 
the overlap between Ru1 dxz and Ru2 dxy (or dyz) orbital (middle and right panel 
in Fig. 4.8). Similarly, the overlap between Ru1 dxy and Ru2 dxy is decreased 
whereas the overlap between Ru1 dxy and Ru2 dyz (or dxz) orbital is increased 
(the schematic drawing of this overlap is not shown here); the orbital overlap 
between Ru1 dyz and Ru2 dyz is weakened while the overlap between Ru1 dyz 
and Ru2 dxy (or dxz) orbital is enhanced (the schematic drawing of this overlap is 
not shown). In total, there are nine kinds of orbital overlap between the dij (i, j = 
x, y, z and i ≠ j) orbitals of Ru1 and Ru2. Two thirds of them are enhanced along 
the direction where octahedra are rotated out-of-phase. Therefore, it is possible 
that the overlaps between the t2g orbitals are enhanced along the direction where 
octahedra are rotated out-of-phase, which results in an electronic structure with 
a larger bandwidth in that direction, making it the easy axis. 
For the tetragonal SRO film, both the magnetization measurement and the 
angular-dependent MR measurement indicate the perpendicular uniaxial 
magnetic anisotropy. This perpendicular uniaxial anisotropy in tetragonal SRO 






Figure 4.8 A schematic of the orbital overlap between Ru1 and Ru2 ions along y axis. 
The dxz orbital is colored red, the dxy orbital green and the dyz orbital blue. Octahedral 
rotation along y axis is in-phase in figure (a) and out-of-phase in figure (b). 
 
axis and the absence of octahedral rotations around the two orthogonal in-plane 
axes a and b. Note that the orbital overlap in the case of no rotation of 
octahedra is the same with that of in-phase rotations. Considering the low 
temperature (5K) at which the magnetic hysteresis loops were obtained, we 
demonstrate that the tetragonal SRO phase with perpendicular uniaxial 
magnetic anisotropy could be sustained to a temperature as low as 5K. 
4.4 Summary 
 We demonstrate the ability to control over octahedral tilts in SRO film on 
(001) STO substrate by coherently controlling the oxygen vacancies and 
interfacial coupling. The octahedral tilt system, which describes the rotation 











 tilt is 
favored in stoichiometric SRO film. In contrast, for film that is oxygen deficient 






 tilt is stabilized, driven by the 
oxygen vacancies in the SrO atomic plane and the interfacial coupling between 
film and substrate. We also investigated the physical properties of the two 
phases. The monoclinic film exhibits an in-plane uniaxial magnetic anisotropy 
with easy axis 30° away from the out-of-plane direction [001], while for 
tetragonal phase the easy axis is parallel to the four-fold axis pointing to the 
[001] direction. The in-plane uniaxial anisotropy of monoclinic film is possibly 
due to the opposite sign of tilts that breaks the in-plane symmetry, while for the 
tetragonal phase the perpendicular uniaxial magnetic anisotropy is well 
explained by the only sustained tilt about [001] direction. One possible 
mechanism responsible for the connection between the octahedral rotations and 
magnetic anisotropy has been proposed on the basis of orbital overlap. In SRO, 
the overlap between Ru 4d orbitals will be enhanced along the direction of 
out-of-phase rotations, which may result in a larger bandwidth along that 
particular direction and thus make it magnetic easier. This would explain the 
easy axis that lies between [100] and [001] in monoclinic phase, along which 
the octahedra are rotated out-of-phase; it would also account for the 
perpendicular uniaxial magnetic anisotropy of the tetragonal phase in which the 





however, requires further examination. Our results demonstrate that the 
octahedral tilts play a critical role in determining the structural symmetry and 
the physical properties of SRO films. In addition, the half-integer reflection, 
which is a straightforward and effective way in determining the octahedral tilt 
system, is particularly an appealing approach to investigate the tilting of the 





CHAPTER 5 Control of Octahedral Rotations and 
Physical Properties in SrRuO3 Films by Strain 
Engineering 
5.1 Introduction 
Epitaxial growth gives researchers a great advantage to engineer the physical 
properties of thin films by manipulating the strain state in thin films. This is 
known as “strain engineering” of thin films. Much of the recent success in strain 
engineering of perovskite oxide materials has arisen from the development of a 
wide variety of oxide substrates during the intense study of high-temperature 
superconductors in the 1980s and 1990s.
11
 These oxide substrates include 
SrTiO3, LaAlO3, KTaO3, NdGaO3 and so on with lattice parameters from ~ 3.70 
to ~ 4.0 Å. By using these oxide substrates, both the octahedral rotations and 
octahedral deformations can be manipulated by a strain that in turn, allow the 
control of physical properties such as ferroelectricity, magnetic anisotropy, 
saturated magnetization and so on. 
There have been tremendous amount of scientific work done on the 
modification of physical properties in perovskite oxide films by strain 
engineering. Typical examples are dramatically improved performance in 
epitaxial ferroelectric films
28
 and remarkably enhanced magnetization in 
ferromagnetic films.
62





explained in terms of the lattice’s response to the substrate-imposed strain. 
Recently, people have tried to understand the controllable physical properties 
by resorting to the behavior of octahedra due to their intimacy with the B-O-B 
bond angle and bond length that has influential effect on the electronic structure. 
The octahedra in perovskite oxides, which are corner-connected, have much 
larger degree of freedom to distort themselves to accommodate the underlying 
substrates than their counterparts that are edge- or face- connected. The 
response of octahedral rotations to compressive and tensile strain in LSMO and 
SRO films have been investigated and summarized in one paper by Vailionis et 
al.
65
 Nevertheless, they did not mention how the octahedral rotations affect the 
physical properties – the relationship between the octahedral rotations and 
physical properties has not been built up yet. In addition, the rotation pattern 
determined in their study was only an inference from the structural parameters. 
In this study, the rotation pattern has been further confirmed by HRXRD using 
half-integer reflections. Moreover, the octahedral rotations and physical 
properties have been found to be closely related. This relationship was 
discussed in detail in section 5.4.  
5.2 Experimental Design 
In order to study the strain effect on the behavior of octahedral rotation and 
physical properties, single crystal substrates with different lattice parameters 





octahedral rotations of the films growing above. First is the misfit strain 
between the substrate and the film, which determines if the film is under 
compressive or tensile strain. Second is the rotation pattern of the substrate’s 
octahedra which may affect the octahedral rotations in the film across the 
interface. 
5.2.1 The Effect of Misfit Strain 
Generally, the lattice parameters of the material used for substrate determine 
the size and shape of the framework (may be square or rectangle) on which the 
films will be grown. It is easily understandable that the unit cell of film will 
squeeze itself into the substrate’s template when under compressive strain, 
whilst the unit cell will expand under tensile stain to fit into the template 
outlined by the substrate. For the material of SRO that has rigid nature of 
octahedra, that is, neither the size nor the shape (related to Ru-O bond length) of 
the octahedra will be altered; the only freedom to accommodate the different 
strain state is the rotation of octahedra. Specifically, for compressive strain, the 
in-plane lattice parameters will be decreased. Looking at the 2-dimentional 
octahedron from z axis, the RuO6 octahedra would rotate further about the z 
axis (out-of-plane direction) to avoid a decrease in its Ru-O bond length (Fig. 
5.1(a)). On the contrary, for the case of tensile strain, the octahedra would 
decrease the rotation angle about z axis to avoid an increase in the Ru-O bond 







Figure 5.1 Illustration of how the rigid octahedra in perovskite oxide films respond to 
different strain states when viewed along z axis. (a) The compressive strain. (c) The 
tensile strain. (b) The original state of the octahedra in bulk material without any strain. 
From this schematic, compressive strain facilitates octahedral rotation about z axis 




Figure 5.2 Schematic diagram of how the octahedron responds to compressive strain (a) 
and tensile strain (c) when viewed along one of the in-plane axes (here, it is viewed 
along y axis). (b) The original state of the octahedra in bulk material. From this 
schematic, compressive strain suppresses octahedral rotation about in-plane axes while 
tensile strain assists it. 
 
z-axis when the film is subject to compressive strain and will reduce the rotation 
angle around z-axis when the film is exposed to tensile strain. 
Now let us consider the octahedral behavior about the in-plane axes (x and y 
axes) when they are subject to different strain states. The effect of compressive 





Fig. 5.2. Considering the volume continuity of the unit cell, the out-of-plane 
lattice parameter will increase when under a compressive biaxial strain. To 
accommodate the elongation along z-axis, the octahedron will rotate toward the 
z-axis, thus reducing the rotation angle about y-axis. In contrast, the unit cell of 
film will shrink along the out-of-plane direction when it is stretched in the film 
plane due to the in-plane tensile strain. The octahedra in this case will rotate 
away from the z-axis, thus increase the rotation angle about y-axis. In a word, 
the rotations of octahedra about the in-plane axes behave quite differently with 
the rotations about the out-of-plane axis. The octahedral rotations about 
in-plane axes will be decreased when exposed to compressive strain whilst the 
rotations about in-plane axes will be enhanced under tensile strain. 
5.2.2 The Effect of Octahedral Rotation Pattern of Substrate 
The effect of octahedral rotation pattern of the substrate on the octahedra of 
the film, from a strict definition, does not belong to the strain effect. However, 
the rotation pattern of the substrate plays an equally important role in 
determining the octahedral behavior of the up-growing films via the interfacial 
coupling, especially in ultrathin films where the interfacial coupling are more 
significant. From this point of view, dramatically different octahedral rotations 
should be resulted for films with various thicknesses even grown on the same 
substrate with the same substrate orientation. This assumption is supported by 







 and has also been examined in this study in Chapter 4. It 
shows that the rotation pattern tends to mimic the rotation pattern of the 
substrate on which they are grown, particularly in ultra-thin films where the 
interfacial coupling is significant.  
In this chapter, I focus on the strain effect (the effect of lattice mismatch) on 
the octahedral rotations of the films. Thus, relatively thick (>40 nm) films were 
fabricated to minimize the interfacial coupling effect (the effect of octahedral 
rotation pattern of substrate).
*
 Different substrates – NdCaAlO4 (NCAO), 
LaAlO3 (LAO), NdGaO3 (NGO), STO, KTaO3 (KTO)- were utilized with a 
lattice mismatch ranging from -6.23% to 1.5%. The misfit strain is expressed as 
           (s stands for substrate whilst f stands for film). All the other 
fabrication conditions were kept the same. The oxygen partial pressure was kept  
 
Table 5.1 The lattice parameters
†
 of the substrates used in this work and their lattice 
mismatch with SRO film. 
 
Substrate Structure Lattice Parameters (Å or °) Misfit 
Strain a b c   
NCAO Tetragonal 3.685 3.685 12.12 90 90 90 -6.23% 
LAO Rhombohedral 3.789 3.789 3.789 90.12 90.12 90.12 -3.56% 
NGO Orthorhombic 3.854 3.863 3.863 89.27 90 90 -1.70% 
STO Cubic 3.905 3.905 3.905 90 90 90 -0.64% 
KTO Cubic 3.989 3.989 3.989 90 90 90 +1.50% 
 
                                                 
*
 When grown in 100 mTorr oxygen, SRO film of 10 nm is thick enough to minimize 
the interfacial coupling effect (Fig. 4.4). Therefore, thickness of > 40 nm is safe.  
†
 The lattice parameters shown in this table are all in pseudocubic unit cell except 






Figure 5.3 The relationship between pseudocubic lattice parameters of bulk SRO and 
the substrates used in this study. The lattice parameter used here is along either a or b 
axis. 
 
at 100 mTorr to avoid the effect of oxygen vacancies. The structural parameters 
of the substrates and their lattice mismatch with SRO film are shown in Table 
5.1. The relationship between the lattice parameters of film and the various 
substrates is shown in Fig. 5.3. 
On the basis of the above discussion about effect of misfit strain on 
octahedral rotations (the expected effect is summarized in Fig. 5.1 and 5.2), the 
octahedra behave oppositely when they are subject to compressive strain and 
tensile strain:  
i) When SRO films are under compressive strain, the octahedral rotations 
will be enhanced about out-of-plane direction and suppressed about 
in-plane axes. 
ii) On the contrary, when SRO films are under tensile strain, the rotations 







5.3 Results and Discussion 
SRO films were grown on different substrates ranging from NCAO substrate 
that imposes substantial compressive strain on film, to KTO substrate that 
forces tensile strain on film. The film thickness was controlled at ~ 65 nm. The 
out-of-plane lattice constant versus oxygen partial pressure for films deposited 
on different substrates was plotted in Figure 5.4. It is observed that the 
out-of-plane lattice constant increases steadily with the reduction in the oxygen 




Figure 5.4 The dependence of out-of-plane lattice constant on oxygen partial pressure 
and the used single crystal substrates. 
 
For the effect of substrate-imposed strain, the out-of-plane lattice constant of 
SRO film increases sharply from tensile strain (on KTO) to compressive strain 
(on STO), and increases further when subject to a larger compressive strain (on 
NGO). When further increasing the compressive misfit strain, the out-of-plane 
lattice is shortened (on LAO) and finally drops to the same value (on NCAO) of 








































that under tensile strain. At first glance, there seems no discipline governing the 
change of lattice constant with the misfit strain. However, this result can be 
readily understood if considering both the relaxation effect and the 
tensile-compressive strain effect. In the following, the crystal structures, 
octahedral rotations and physical properties of SRO films deposited on different 
substrates are summarized in sections 5.3.1 to 5.3.5. The evolution of the 
octahedral rotations and physical properties with the strains was summarized in 
section 5.4. Although the content in section 5.3.2 SRO film on STO substrate 
has been discussed in the previous chapters, it was also included to make this 
chapter complete. 
5.3.1 SRO film on KTO Substrate 
SRO film undergoes a tensile strain (+1.50%) when grown on KTO substrate. 
X-ray diffraction pattern shows only the SRO 00l peaks just beside the KTO 00l 
peaks at the right side (Fig. 5.5 (a)), indicating the epitaxial growth of the film 
and that the out-of-plane lattice constant of the film is slightly smaller than that 
of the substrate (aKTO = 3.989 Å) along film normal direction. Figure 5.5 (b) 
shows the reciprocal space mapping around KTO {002} Bragg reflection. In 
this 2-dimentional HL mapping, the SRO (002) spot expands little along the H 











































































































Figure 5.5 (a) X-ray diffraction pattern of SRO film deposited on KTO substrate. The 
only appearance of the 00l peak indicates the epitaxial growth of the film. (b) 





Figure 5.6 Reciprocal space mappings (RSMs) around KTO {103} reflections. The 
RSMs around KTO (-103), (013), (103) and (0-13) reflections were obtained at (a) phi 



















(a) phi = 0 º (c) phi = 180 º























In addition to the structural studies about the out-of-plane direction, RSMs 
around off-axis reflections such as {103} are required to obtain the in-plane 
lattice constants and the structural symmetry. Figure 5.6 shows the RSMs 
around KTO {103} reflections. In each panel of Fig. 5.6, the SRO peak lies 
above the KTO peak along L direction, indicating the smaller out-of-plane 
lattice constant than that of the substrates’. Similarly, SRO peak shifts towards 
higher H or K value compared to that of the KTO peak, implying a smaller 
in-plane lattice constant than KTO. By a few scans around SRO (002), (-103) 
and (013) reflections along H, K and L directions, the unit cell parameters were 
finally determined to be apc = 3.947 (0.004) Å, bpc = 3.947 (0.004) Å, cpc = 
3.905 (0.002) Å, α = β = γ = 90.0 (0.1)°. The unit cell expands in the film 
plane (from 3.930 Å to 3.947 Å) as a consequence of the tensile strain 
imposed by the KTO substrate (a = 3.989 Å), and shrinks along z-axis (from 
3.930 Å to 3.905 Å) to keep the continuity of unit cell volume (the unit cell 
volume of this film is 60.83 Å
3
, almost the same (0.21% larger) with that of 
the bulk value 60.70 Å
3). 
Half-integer reflections were used to investigate the octahedral behavior of 
SRO film under tensile strain. As shown in Fig. 5.7, there are some half-integer 
peaks in (
1
/2 0 L) scan and (0 
1
/2 L) scan at exactly L = 1.5 and 2.5 (black dash), 



































































































Figure 5.7 Half-integer reflections of SRO film deposited on KTO substrate. Black 
dash indicates the peak position of substrate (at 1.5, 2.5), whilst red dash dot indicates 














), these weak 
and broad peaks may derive from the KTO at the interfacial region, which are 
different from the traditional sharp and strong substrates’ peaks. 
The half-integer peaks corresponding to the film are indicated by red dash 
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 for the SRO film grown on KTO, in which only the tilts about 
in-plane axes are present. 
The magnetic properties of SRO film on KTO substrate are shown in Fig. 5.8. 
The moment along the out-of-plane direction [001] is almost zero, whilst along 
the in-plane [010] and [100] directions, the moment is dramatically enhanced. It 
can be inferred from this result that the easy axis is probably in the film plane 
while the hard axis is along the out-of-plane direction. 
The magnetic anisotropy inferred from the M versus T curve can be further 
confirmed by the electrical transport measurement. The magnetic field of 4T 
was applied during the measurement to keep the magnetization of SRO in a 
saturated state. The electrical current was kept perpendicular to the magnetic 
field all throughout the measurement. Fig. 5.9 (a) shows the field angle 
dependence of MR by rotating the field in the (100) plane. Clear peaks are 
observed with the hysteresis in the clockwise and anticlockwise field rotation 
after every 180 in , revealing the strong magnetic anisotropy of the film. Note 
that  = 0 refers to the film normal direction. The center of the hysteresis are 
seen at 0°, revealing that the easy axis is at θ=±90°. Similar results are 
obtained when measuring the angular dependence of MR in the (010) plane 
(see Fig. 5.9(b)), indicating that the magnetic moment of this SRO/KTO film 







Figure 5.8 Temperature-dependent magnetization of SRO film on KTO substrate along 
different crystalline directions. The film is found to be magnetically hard along 
out-of-plane direction and magnetically easy in the film plane. 
 








H rotated in the (100) plane




























H rotated in the (010) plane
Easy axis lies at 90 from film normal 
(b)
 
Figure 5.9 (a) Field-angle dependence of MR for the SRO film on KTO substrate. 
Magnetic field was rotated in the (a) (100) plane and (b) (010) plane. The temperature 
was kept at 2K. The easy axis is found to be in-plane. 
 
In summary, SRO film under tensile strain is expanded in the plane and 






 is determined. 
Compared to the bulk SRO, the octahedral rotations are enhanced about the 
in-plane axes and suppressed about the out-of-plane direction, consistent with 
our expectation. In addition, it is revealed that the magnetic easy axis lies in the 
film plane whilst the hard axis points to the film normal direction. 





















5.3.2 SRO film on STO Substrate 
The SRO film undergoes a small compressive strain (-0.64％) when is 
epitaxial grown on STO substrate. The SRO/STO films have been investigated 
thoroughly in the previous two chapters. I recalled here only the most important 
conclusions of the SRO film fabricated in 100 mTorr oxygen and with a 







. It displays a uniaxial magnetic anisotropy with the easy axis 
lies at 30 away from film normal. 
5.3.3 SRO film on NGO Substrate 
The SRO film deposited on NGO substrate also undergoes a compressive 
strain (-1.70%) that is still small but slightly larger than the one grown on STO 
substrate. The only appearance of 00l peaks in Fig. 5.10 indicates the epitaxial 
growth of the film. The SRO 00l peaks locate at the left side of the NGO 00l 
peak, suggesting that the lattice constant of the film is slightly larger than that of 
the substrate (cpc (NGO) = 3.863 Å
*
) along the film normal direction. 
In order to obtain the structural information along the in-plane directions, 
RSMs around NGO {103}pc reflections were performed, as shown in Fig. 5.11. 
The angle of phi was fixed at 0°, 90°, 180°, 270° to obtain the RSMs around  
                                                 
*
 The orthorhombic structure of NGO with ao = 5.426 Å, bo = 5.496 Å and co = 7.707 Å 
can be also expressed in pseudocubic unit cell with apc = 3.854Å, bpc = cpc = 3.863Å,  







Figure 5.10 X-ray diffraction pattern of SRO film deposited on NGO substrate. The 




Figure 5.11 RSMs around NGO {103}pc reflections obtained at (a) phi = 0°, (b) phi = 
90°, (c) phi=180° and (d) phi =270° respectively. Yellow lines indicate the L-positions 









































































































(d) phi = 270(b) phi = 90










































(-103), (013), (103) and (0-13) respectively. For the NGO substrate, diverse 
vertical positions of NGO (013)pc and (0-13)pc spots are observed in Fig. 5.11 
(b) and (d), indicating an oblique angle between b and c, consistent with the 
orthorhombic symmetry of NGO reported in literature. As for the SRO film, 
they are fully strained grown on NGO substrate, as reflected by the identical 
horizontal position with substrates’. 
Despite the qualitative information given by the 2-dimentional RSMs, 
quantitative structural determination requires the coordinates of both film’s and 
substrate’s spots in the 3-dimentional reciprocal space. From a few scans 
around (002)pc, (-103)pc and (013)pc of SRO and NGO along H, K and L 
directions, the lattice parameters can thus be calculated to be apc = bpc = 3.857 
(0.004) Å, cpc = 4.025 (0.002) Å, α = β = γ = 90.0 (0.1)°. The unit cell 
shrinks in the film plane (from 3.930 Å to 3.857 Å) as a consequence of the 
compressive strain, and is elongated along z-axis (from 3.930 Å to 4.025 Å). 
Figure 5.12 shows the half-integer reflections of SRO film grown on NGO 
substrate. Sharp peaks with high-intensity are observed in each panel. However, 
the location (at exactly 1.5, 2, 2.5, 3 and 3.5) and the width of the peaks 
demonstrate that these peaks are appropriate to the substrate instead of the film. 







 is immediately suggested for the NGO substrate. The procedure of 
determination is as follows. a
+
 is inferred from the peaks in (0 
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 is indicated. Considering the identical magnitude 






 is finally determined, which is consistent with the 
literature. Note that the 
1
/2 0 2 peak, which derives from the doubling of lattice 
along a axis, is produced by a
+




Figure 5.12 Half-integer reflections of SRO film deposited on NGO substrate. The 






 tilt. Red 






 is inferred for the film. 
 
In addition to the peaks arising from the substrate, relatively broad and 
weak peaks that correspond to SRO film are also observed. These peaks, as 
indicated by red dash in the lower two panels in Fig. 5.12, locate just at the left 

































































































/2 shows the presence of 
out-of-phase rotations about z-axis, denoted by c
-
. The absence of the other 
half-integer peaks suggests that there is no octahedral rotations around either a 
or b axis. The rotation pattern of this epitaxial SRO film is therefore 






. Tetragonal symmetry is assigned to such tilt 
system. Consequently, perpendicular magnetic anisotropy is expected that is 
typical for tetragonal SRO phase. 
However, the magnetic properties of this SRO film cannot be obtained 
straightforwardly from the SQUID measurement since NGO is a paramagnetic 
material. The magnet moment from the substrate would overlap the signal from 
the film considering the tremendous volume difference between substrate and 
film (the 0.5 mm thick substrate has a volume 10
4
 larger than the ~65 nmthick 
SRO film). Therefore, only MR measurement was carried out to study the 
anisotropic physical properties. 
During the measurement of field-angle dependence of MR (see Fig. 5.13(a)), 
the magnetic field of 4T was applied, rotating in the (100) plane. In Fig. 5.13 (a), 
sharp jumps are observed in the clockwise and anticlockwise rotation of the 
field, locating at the right side and left side of the hysteresis that centers 
around θ=±90°. Recalling that such jumps arise from magnetization reversal 
that takes place after the angle between the field and the easy axis exceeds 90°, 












H rotated in the (100) plane



















H rotated in the (010) plane











Figure 5.13 Field-angle dependence of MR of SRO film on NGO substrate. Magnetic 
field was rotated in the (a) (100) plane and (b) (010) plane. The measurement was taken 
at 2K. The magnetic easy axis is determined to be along film normal. 
 
out-of-plane direction. The hysteresis in Fig. 5.13(a) indicates that the 
magnetization reversal lags behind the applied magnetic field. This is probably 
due to the strong magnetic anisotropy of SRO material. The field-angle 
dependence of MR measurement was also carried out with the magnetic field 
rotating in the (010) plane as seen in Fig. 5.13 (b). The result turns out to be 
exactly the same with the one shown in Fig. 5.13 (a), implying the 
perpendicular magnetic anisotropy of this SRO film, conforming to our 
expectations.  
In summary, the SRO film is fully strained when grown on NGO substrate. It 






. As expected, 
the octahedral rotations are enhanced about the out-of-plane directions and 
suppressed around the in-plane directions under this compressive strain. 
Besides, a perpendicular magnetic anisotropy is observed, which is typical for a 





5.3.4 SRO film on LAO Substrate 
For the SRO film on LAO substrate that undergoes a -3.56% compressive 
strain, the situation becomes a little complicated. In the x-ray diffraction pattern 
(Fig. 5.14 (a)), a shoulder can be observed beside each SRO 00l peak, indicating 
a second phase of SRO. RSMs measurements around LAO {103} reflections 
(see Fig. 5.15) further confirmed the presence of two SRO phases - the major 
one is partially relaxed with H and K values different from LAO; the other one 
is fully strained with the same H and K values of LAO, shown like a tail of the 
major SRO peak in Fig. 5.15. The lattice parameters estimated from the RSMs 
are apc = bpc = 3.90 Å, cpc = 3.96 Å, α = γ = 90.0°, β = 89.7° for the major 






Figure 5.14 (a) X-ray diffraction pattern of SRO film deposited on LAO substrate. (b) 
Reciprocal space mappings around KTO (002) reflection. 
 
 






































































































Figure 5.15 RSMs of SRO/LAO around LAO {103}pc reflections obtained at (a) phi = 
0°, (b) phi = 90°, (c) phi=180° and (d) phi =270° respectively. 
 
Half-integer reflections are shown in Fig. 5.16. The presence of half-integer 
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 both require a change in the octahedral rotation 






), thus might not be energetically favorable. In 












 preserve the octahedral rotation 

















(a) phi = 0 º (c) phi = 180 º









































































































































 are essentially the same except the orientation, making them 
undistinguishable from x-ray diffraction. Consequently, there must be another 
tilt system that gives rise to the shoulders in Fig. 5.14(a) and the tails in Fig. 






, with a lattice elongation along c axis, 
conforming to the lattice parameters of the secondary SRO phase. Therefore, 




















The anisotropic magnetic properties of SRO film on LAO substrate were 
examined by magnetization along different crystalline directions as shown in 
Fig. 5.17. It can be observed that the moments along the out-of-plane direction 





orthogonal in-plane axes are almost the same. This is probably due to the 
co-existence of monoclinic SRO phases that are perpendicular to each other. 
However, it is hard to find evidence indicative of the mixed SRO phases from 
the M-T curves. A further study on the mixture of SRO phases is deserved by 




Figure 5.17 Temperature-dependent magnetization of SRO film on LAO substrate 
along different crystalline directions. 
 
 













H rotated in the (100) plane
(a)
 















Figure 5.18 Field-angle dependence of MR of SRO film on LAO substrate. Magnetic 
field was rotated in the (a) (100) plane and (b) (010) plane. The measurement was taken 
at 2K. The presence of different easy axis indicates the mixture of SRO phases. 





















Fig. 5.18 (a) shows the field angle dependence of MR by rotating the field in 
the (100) plane. Clear jumps with hysteresis are observed in the clockwise and 
anticlockwise field rotation at  = -120° and 60° (indicated by blue dash). 
Recalling that such jumps arise from magnetization reversal that takes place 
after the angle between the field and the easy axis exceeds 90°, the easy axis can 
thus be determined to be at θ = -30°, that is, tilted away from film normal to 
[0-10] direction by 30°. Similarly, the easy axes are found to be at θ = 30° and 
0° corresponding to hysteresis indicated by magenta and black dash. 






 tilt are assigned to the easy axis which lies at 






 tilt is 
assigned to the easy axis at θ = 0°, which is parallel to the film normal. Similar 
results were obtained of MR measurement in the (010) plane (see Fig. 5.18(b)), 
with the easy axis at θ = ±30°, 0°. However, the easy axis at θ = ±30° inferred 






 tilt system 
is assigned. 
In summary, the SRO film grown on LAO substrate has a mixture of the 



















 tilt. While this conclusion seems a speculation from the half-integer 








5.3.5 SRO film on NCAO Substrate 
The misfit strain between SRO film and NCAO substrate is -6.23%, which is 
the largest among all the substrates used in this study. Such a large misfit may 
not be able to get the up-growing film perfectly fit into the substrate’s 
framework anymore (since squeezing the unit cell of the film into the square of 
3.685×3.685 Å
2
 is energy unfavorable), thus may lead to the relaxation of the 
film (this will be confirmed from the RSMs). In addition, structural defects such 
as dislocations should be more populated in this SRO film compared to the 
other samples due to the large mismatch, as reflected in Fig. 5.19 (b), in which 
the SRO spot is much broadened. Nevertheless, the SRO film was still (001) 
oriented as shown in Fig. 5.19(a). Note that NCAO 00l peaks only appear 
when l = 2n because of the extinction rules. The SRO (002)pc locates at the 
right side of NCAO (006) because the lattice constant of SRO (apc = 3.93) is 
smaller than that of NCAO (cpc = 4.04) along z-axis. 
RSMs around NCAO {109} reflections are shown in Fig. 5.20 to study the 
structural properties. As expected, the SRO film is almost fully relaxed when 
grown on the NCAO substrate, with the horizontal SRO peak position far away 
from the substrate (see Fig. 5.20). Besides, the SRO spots in each panel have a 
wide spread of either H or K, indicating the more populated structural defects in 









Figure 5.19 (a) X-ray diffraction pattern of SRO film deposited on NCAO substrate. (b) 




















(a) phi = 0 º (c) phi = 180 º
(b) phi = 90 º (d) phi = 270 º


















Figure 5.20 RSMs around NCAO {109} reflections. The SRO film is almost fully 
relaxed, with the horizontal positions (H and K values) far away from that of the 
substrate. 
 









































































































and substrate’s reciprocal lattice points to be apc = bpc = 3.93 Å, cpc =3.92 Å, α 
= β = γ = 90.0 °, almost resembling that of the bulk SRO, possibly due to the 
strain relaxation. Considering that the SRO (013)pc peak locates at K = 0.94 
instead of K = 1, the SRO half-integer peaks, if any, should locate at K = 0.47, 
1.41, …. instead of K = 0.5, 1.5, … Therefore, the half-integer scans should be 









/2) scans and so on. Figure 5.21 shows the result of the 
half-integer reflections.
*

















Figure 5.21 Half-integer reflections of SRO film on NCAO substrate. The only 













                                                 
*
 Note that the L value (x-axis) in this plot is appropriate to the SRO (apc = 3.92 Å) film 














































































Similar to NGO material, the NCAO is also a paramagnetic material whose 
magnetic moment signal would cover that of the SRO film because of the 
volume difference. Hence, angle dependent MR measurement was carried out 
again to extract the anisotropic property. Figure 5.22 shows the field-angle 
dependence of MR with field rotated in the (100) plane (see Fig. 5.22 (a)) as 
well as in the (110) plane (Fig. 5.22(b)). Note that θ = 0° refers to the normal to 
film direction, that is, [001] direction. From Fig. 5.22(a) and (b), the easy axis 
can be inferred to be at θ=±90°, that is, in the film plane. The same MR value 
at θ = 0° (with field along [001]) between Fig. 5.22 (a) and (b) demonstrates 
the repeatability of this measurement. However, the MR value at θ=±90° is 
notably lower in Fig. 5.22 (b) than in Fig.5.22 (a), indicating that the magnetic 





Figure 5.22 Field-angle dependence of MR for the SRO film on NCAO substrate with 
magnetic field rotated in the (a) (100) plane and (b) (110) plane. The measurement was 
taken at 2K. The moment is confined in the film plane. 
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In summary, the SRO film is almost fully relaxed when grown on NCAO 
substrate due to the large lattice mismatch. It has the structural parameters close 






 that is different 
from the bulk. The magnetic moments are confined in the film plane. 
5.4 Discussion and Conclusion 
A systematic study on the structure properties and physical properties of 
SRO films grown on different substrates was carried out in this chapter. The 
lattice parameters, octahedral rotation patterns and the anisotropic physical 
properties of all the SRO films are summarized in Table 5.2. As the misfit strain 
goes from tensile (on KTO) to compressive (on STO and NGO) and the 
absolute value of strain is smaller than 3.56 %, the SRO film is almost fully 
strained and the out-of-plane lattice constant is increased gradually as a result of 
the shortened in-plane lattice constant. When the misfit strain exceeds a critical 
value (e.g., SRO on LAO) however, the SRO film is separated into two phases: 
one is the monoclinic phase which is partially relaxed; the other is tetragonal 
phase which is fully strained. Further increasing the compressive strain results 
in a fully relaxed phase with structural parameters similar to that of the bulk 
SRO. The tilt systems and easy axis is also modified accordingly with the 
changes in lattice parameters. 
The effect of octahedral rotations on the unit-cell lengths is introduced here 





Table 5.2 Lattice parameters, tilt system (octahedral rotation pattern) and magnetic 




Lattice Parameters (Å or °) Tilt 
system 
* (°) 
a b c   
NCAO 
(-6.23%) 


























































physical properties. It is known that if the Ru-O bond distance is maintained, the 
Ru-Ru distance is expected to become shorter as a result of octahedral rotation, 
and hence reduce the pseudocubic unit cell length a. The relationship between 
the original unit cell length ao and the new pseudocubic unit cell length a is 
given by 
            ,             ,             .    (5.1) 




    





    





    
    
.                (5.2) 
Note that ,  and  are the octahedral rotation angles about [100], [010] and 
                                                 
*
 Here θ is the angle between the easy axis and the film normal direction. 
†
 The major SRO phase that is partially relaxed when grown on LAO. 
‡





[001] axes, but not the unit cell angles. It can be seen immediately from Eq. (5.2) 
that the ratio of unit cell lengths can be used to indicate the relative magnitudes 
of the octahedral rotation angle. For example, if c/a > 1, the rotation angle about 
c axis, i.e. , is larger than that about a axis, i.e. . We have, of course, ignored 
the effect of octahedral distortions in this process, but this argument will be 
reasonable as far as only the relative magnitudes is concerned. Figure 5.23 (a) 
shows the change of c/a ratio with the strain. As the strain goes from tensile to 
compressive, the c/a ratio increases, indicating an enhanced rotation about 
out-of-plane direction (c axis) and a suppressed rotation about in-plane 
direction (a axis). This rule conforms to the expectation in Section 5.2 and it 
holds true as long as the compress strain does not exceed a certain value. Further 




Figure 5.23 (a) Evolution of the c/a ratio with the strain. (b) Relationship between the 



















 by blue 
triangle. 
 
































































The close correlation between the c/a ratio and the easy axis angle is shown 
clearly in Fig. 5.23 (b). The easy axis angle changes consistently from 0° to 90° 
with the reduction in c/a ratio. More exactly, the easy axis is tilted from 



















 with low c/a 






 tilt is along the [001] axis about 







points to the direction between [100] and [010] in-plane axes, along which the 






 tilt, the easy axis lies 
between the [100] and [001] direction where the octahedra are rotated 
out-of-phase. Consequently, it can be concluded here that in SRO film, the 
magnetic easy axis favors the direction of the out-of-phase rotation due to the 
increased bandwidth in that direction, which results from the enhanced t2g 
orbitals overlaps between the neighboring Ru ions, further confirming the 






CHAPTER 6 Conclusions and Future Research 
The overall aim of this research was to study the link between octahedral 
rotations and physical properties and to control over them in SRO films. The 
main challenge of this study was to identify the octahedral rotation patterns in 
films, which is a formidable task due to the limited sample volume of films and 
the weak reflections from oxygen atoms. To overcome this difficulty, this study 
applied a newly developed experimental technique, with the availability of high 
intensive synchrotron x-ray sources, to measure the octahedral rotations in thin 
films. The octahedral rotations and the physical properties of SRO films under 
different circumstances (different oxygen contents, thicknesses and strain 
conditions) were analyzed and summarized in detail as follows. 
Firstly, the influence of oxygen partial pressure on the structural phase 
transition with different octahedral rotation patterns and thus the subsequent 
different physical properties has been explored. It was shown that the epitaxial 
SRO thin films deposited under varied oxygen partial pressures behaved very 
differently. The films grown under PO2 ≥ 60 mTorr exhibited a monoclinic 
structure, while those grown under PO2 ≤ 45 mTorr had a tetragonal structure. 
The dramatically different magnetic anisotropy in the two SRO phases may be 
attributed to their distinct octahedral rotation patterns. The opposite signs of 





for the in-plane anisotropic magnetic and electrical properties of the monoclinic 
phase, whereas the one-tilt system of the tetragonal SRO film (only rotations 
along the out-of-plane axis are maintained) results in the perpendicular uniaxial 
magnetic anisotropy. The first-principles calculations showed that such a crystal 
structural phase transition from monoclinic to tetragonal originates from the 
oxygen vacancies at the upper or lower corner of the RuO6 octahedra, by 
abruptly suppressing the octahedral rotations around the two orthogonal 
in-plane axes. The magnetic anisotropy of these two phases was also 
investigated by first-principles calculations, which is in good agreement with 
the experimental data. This study is significant in that it is the first to attain the 
room-temperature tetragonal SRO phase on STO substrate with a relative thick 
film (t > 50nm) thickness by introducing oxygen vacancies. This opens an 
alternative route to induce structurally new phases in perovskite materials with 
distinctively different physical properties, by adjusting the octahedral rotations 
and tilts through stoichiometry change.  
Secondly, the rotation patterns of SRO films were directly verified by 
half-integer reflection using synchrotron x-ray diffraction, and the control over 
octahedral rotations and physical properties in SRO films by the combined 
effect of interfacial coupling and oxygen vacancies has been tackled 
systematically. It was found that the SRO films have phase transition from 

















 by either reducing the film thickness or introducing oxygen 
vacancies. While the suppressed rotations about in-plane axes can be 
attributed to the oxygen vacancies residing in the SrO atomic plane, the 
vanishing of in-plane octahedral rotations in ultrathin films may be due to 
coupling of octahedra across the film-substrate interface. It is likely that the 
rotation pattern in the STO substrate causes the octahedra in the subsequently 
grown layers of film to mimic the exact same rotations, leading to the 
suppression of the octahedral rotations around in-plane axes. In addition to the 
structural changes, the magnetization and angular dependence of anisotropic 
MR measurements also show dramatically different physical properties 
between these two phases. It was found that the magnetic easy axis lies at 30 
away from film normal direction for the monoclinic phase whilst the 






 tilt exhibits a perpendicular uniaxial anisotropy 
possibly resulting from the only octahedral rotation along the out-of-plane 
axis. 
Thirdly, the effect of biaxial strain on the octahedral rotation pattern and the 
corresponding physical properties has been investigated. It was found that 
below a critical value of compressive strain, the octahedral rotations are 
enhanced about out-of-plane direction and reduced about in-plane axes as the 
misfit strain of SRO film goes from tensile to compressive. These experimental 





while biaxial tensile strain led to enhanced rotations around the in-plane axes. 
This finding is in agreement with calculations
146, 148, 149
 as well as with 
previous experimental observations in La0.67Sr0.33MnO3 films grown on a 
variety of substrates inducing different levels of strain
65
. The octahedral 













 as the c/a ratio increases, indicating a close relationship between the 
relative magnitudes of rotation angle and the unit cell length ratio. This may be 
understood from the geometric consideration that the octahedra need to rotate 
further around the out-of-plane axis in order to accommodate the decreased 
in-plane unit cell size which is the case for a high c/a ratio. It was 
demonstrated that the physical properties of SRO films are also largely 






 tilt in which the 
out-of-phase rotations are about out-of-plane direction, the magnetic easy axis 






 tilt, the 
octahedra are rotated out-of-phase about in-plane axes and the direction of 







the easy axis is shown to be between the two directions along which the 
octahedra are rotated out-of-phase. Overall, the relationship between the 
octahedral rotations and the magnetic anisotropy is that the magnetic easy axis 
favors the direction where the out-of-phase octahedral rotations are maximized. 





orbitals are enhanced along the direction where octahedra are rotated 
out-of-phase, which results in an electronic structure with a larger bandwidth in 
that direction, making it magnetically easier.  
To conclude, this research provides a systematic study on the octahedral 
control in SRO films by various strategies such as introducing oxygen 
vacancies, varying film thickness and strain engineering. The results obtained 
in this study indicate that the ground state of films is often influenced by latent 
instabilities present in the bulk phases; the oxygen vacancies, ultrathin 
thickness and the biaxial constraints then act to enhance any unstable modes. 
These strategies offer exciting opportunities to achieve desired properties or 
generate new ground states by manipulating the octahedral rotations in 
perovskite films. Another contribution is that it utilizes the half-integer 
reflections to gain insight into the octahedral rotations in SRO films for the 
first time. This effective way should enhance fundamental studies on 
perovskites, allow a deeper understanding on the structure-property 
relationships, and help elucidate the mechanisms of novel physical properties 
in ultrathin perovskite films or at the interfacial region. 
Being an exploratory study, the work on control over octahedral rotations 
and physical properties reported in this thesis has two limitations. Firstly, this 
study only considered the influence of structural changes on the electrical and 





account. Secondly, this work was limited to the material SRO while other 
perovskite materials were not considered. This is because SRO is an ideal 
representative perovskite material to study the relationship between octahedral 
rotations and physical properties since the electrical and magnetic property of 
this material is intimately tied to the electrons lying in a band formed by the 
overlap between Ru 4d orbital and O 2p orbital. A subtle change in the 
octahedra (formed by Ru and O atoms) would result in substantial changes in 
the electronic structure, which affect in a significant way its electrical and 
magnetic properties. 
Finally we outline some on-going and new research directions based on this 
study. 
i) Not only the rotation pattern, but also the size, shape of the octahedra is 
crucial to engineering material properties in perovskites. Therefore, one 
possible avenue for future work is to study how to modify the physical 
properties through crystal field splitting by tailoring the size and shape of 
the octahedra, as found in many copper (II) complexes. 
ii) Another interesting area for future work is to use a variety of external 
stimuli, especially the external electrical fields,
150
 to manipulate the 
octahedral rotations and thus the multi-functionality of the perovskite 
materials. The tuning of the octahedral rotations could be utilized to 





external electrical fields may be used to traverse and induce colossal 
responses, and thus could be applied to low-power electronic devices.
151
  
iii) It should be pointed out that, with the rapid development in the field of 
multiferroics, there is currently a significant renewed interest in the 
competition between octahedral tilts and cation displacements. BiFeO3 is 
an exciting example for it is the only pure perovskite presenting strong tilts 
and cation displacements at room temperature.
53
 Further research is 
therefore needed to study the coupling between octahedral rotations and 
cation displacements which should offer high potential in future 
applications. 
In summary, this study provides several emerging and effective pathways to 
control over octahedral rotations as well as a comprehensive understanding of 
how the physical properties in SrRuO3 films are coupled to the geometric 
patterns of the corner-shared octahedra. This control of octahedral rotations is 
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